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I. Introduction 

About four years ago, the Research Council of Alberta initiated a 
series of coordinated, continuing studies from which several important inferences 
about the structure of humic acids can now be drawn. The present paper is intended 
briefly to review these studies and to outline those features of the humic acid mole- 
cule which can, in our view, be formulated with some confidence. 

Almost all experimental data cited in the following sections were dupli- 
cated by working with humic acids derived from a weathered N. Dakota lignite*, 
and a weathered subbituminous coal occurring at  Sheerness, Alberta. However, 
since these two materials displayed virtually indistinguishable behaviour, no at- 
tempt is here made to differentiate between the respective sets of results: and it 
is, in fact, tentatively contended that coal-derived humic acids may be regarded 
as chemical entities whose main structural features are essentially independent of 
their souces of origin. 

II. The Molecular Weights of Humic A c i d s  

In view of the then prevailing uncertainty about the size of the humic 
acid molecule, the initial study was concentrated upon renewed attempts to deter- 
mine significant molecular weights (1). For convenience, a cryoscopic technique 
was used for this purpose, but in place of conventional solvents (e.g. acetamide, 2)$ 
sulfolane was employed. 
advantages. It possesses an unusually high cryoscopic constant (K = 65.5 degrees - 
kg per mole); it affords a ready means for dissolving humic acids and completely 
drying the resultant solution; and it appears to eliminate disturbing effects due to 
solute association and/or dissociation. Generally ideal behaviour of sulfolane 
could, for example, be demonstrated by experiments with solutions containing such 
diverse compounds a s  benzoic acid, donaphthalene sulfonic acid and biphenyl: 
in all instances, K proved to be quite independent of solute concentrations over the 
molality range 0.01 to  0.10. Direct evidence for the absence of association of 
solute molecules in a sulfolane solution could also be obtained from infrared data - 
fiotably from analysis of the -COOH and -OH stretching frequencies of simple analog 
compounds. 

This solvent (3) offered several distinct and important 

* Commercially marketed as  Baroid Carbonox. 
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Using the sulfolane method with a series of carefully fractionated 
humic acids, molecular weights ranging to ca. 10,000 were recorded (1) and 
broadly confinned by sedimentation velocity measurqnents. 

It is of some interest to note that while molecular weights of the 
order of thousands stand in marked contrast to previously reported cryoscopic 
data, they are in general agreement with semi-quantitative diffusion measure- 
ments reported, inter alia, by Dryden (4). 

IIL. The Disposition of Peripheral Functional Groups 

Estimate.s of the concentrations of functional groups by established 
methods (5,6) yielded results comparable to those reported for humic acids by 
other laboratories. Typical values (7) were: -0CH3 1.7, phenolic -OH 2.7, 
and -COOH 4.3 milliequivalents per gram. More detailed studies, however, 
permitted some refinement of these data and, more important, inferences about 
the disposition of certain functional groups around the molecular periphery. 

When solutions of humic acid in sulfolane were heated to 170° - 200oC 
under reduced pressure and subsequently examined by infrared spectroscopy, the 
intensity of the original carboxyl carbonyl absorption at 1735 cm-l was found to be 
greatly reduced, and two new bands centring at 1850 and 1785 cm-l were observed 
(Figure 1). 
and 1,2-naphthalic anhydrides formed in hot sulfolane, these bands were assigned 
to 5-membered ring anhydrides of humic acid, i. e. to simple dehydration products 
of the type, 

Since identical absorptions were seen in the infrared spectra of phthalic 

\ - COOH 

II COOH /- 

\..-c = 0 
* /I '0 + H20 
/-C?=o 

and it was concluded that a substantial number of -COOH groups in the humic 
acid molecule occupy mutually adjacent sites. Six- or 7-membered ring anhydrides 
coul'd be ruled out- because of their infrared absorption at quite different frequencies, j 
and still larger cyclic anhydrides were discounted by the rather narrow band separation 
generally seen in the spectra of such compounds. 

, 

When, on the other hand, humic acid is refluxed with acetic anhydride, 
a more complex situation is created. 
again greatly reducbed, but now at least four new bands (at 1850, 1820, 1785 and 
1745 cm") are found; and the 1785 cm'l band is, compared with the 1850 cm" 
absorption in the same specuum, substantially more intense than in the spectrum 
of humic anhydride formed in hot sulfotane (Figure 1). 

The intensity of the original -COOH band is 
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On the assumption that reaction with acetic anhydride forms, among 
other products, the same anhydrides a s  are produced by heating sulfolane 
solutions of humic acid, cyclic 5-membered ring anhydrides were therefore 
now supposed to account for only a part of the 1785 cm" absorption, and a 
number of theoretically possible conaibuting smctures were examined. Among 
these were cyclic anhydrides of type (I), open chain anhydrides, including mixed an- 
hydrides (E), lactones 0, esters (presumably of the phenolic acetate type IV), 
and esters and/or anhydrides formed between molecules of humic acid. 

'tr 
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I II 

c = o  -c'= 0 
' I  C : CH3 CH3 

I II III Iv 

The results, partly based upon extended experimentation with ex- 
haustively methylated, alkali-hydrolyzed humic acid and acetyl analyses (8) led 
to the following conclusions(7): 

(a) Approximately 80% of all -COOH groups existing in humic acid 
occupy sites permitting the formation of cyclic ring anhydrides. 

@) Approximately one-fifth of all -COOH groups form linear mixed 
anhydrides when humic acid is reacted with acetic anhydride (but not in sulfolane) 
and-must therefore exist as  isolated groups or in odd-numbered groups on adjacent 
ring sites. . .  

(c) Of the several, theoretically possible 6- and 7-membered ring 
anhydrides, only anhydrides of the diphenic type (I) are consistent with experi- 
mental evidence. 

Since a part of the strong 1785 cm" band in the spectra of humic an- 
hydrides formed by reaction with acetic anhydride can also be ascribed to esters - 
and in particular to esters of polyfunctional phenols - it is tentatively further 
thought possible that a proportion of the total -OH content of humic acid may occur 
a s  groups of 2 or 3 -OH residues on the same ring or condensed aromatic nucleus. 
This view is, however, subject to rather severe limitations since -OH residues 
located orrho or para to each other would undoubtedly be converted to quinones by 
the conditions under which humic acids form. 
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IV. QuinoneStructures 

When humic acid is reacted with diazotized sulfanilic acid, a water- 
soluble derivative forms through introduction of -N=N-C&403H and/or 
-CgHq-S03H. Both mechanisms, i. e. interaction with phenolic structures or 
with quinones, are consistent with infrared spectral evidence in that both would 
lead to the new absorptions indicative of the presence of sulfonic groups which 
are observed (Figure 2b); but since the former requires introduction into the humic 
acid molecule of two nitrogen atoms per additional sulfur atom (which analysis 
shows not to occur to any significant extent), it has been concluded that the domi- 
nant reaction involves a free radical attack on quinones at  an available position. 

Proceeding from this recognition, an interesting route to further 
elucidation of the structure of humic acid can be developed (9). 

Of the two most probable theoretical free radical mechanisms by which a 
-C&14-S03H group is introduced into the humic acid molecule, one - a Gomberg 
reaction - must be ruled out on evidence offered by Gomberg and Pemert (lo), 

of the type 
Grieve and Hey (ll), and Walling (12). There remain therefore only interactions 

from which it follows that humic acid molecules reacting with the diazonium 
salt must contain one or more of the -basic structures V, VI and VII. 
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NOW, the possible existence of these (or similar) entities in humic acid 
has been recognized for some years. 
has now been obtained by infrared studies on methylated* and subsequently acetylated 
humic acids. Of particular importance was the existence in the spectra of these com- 
pounds of a fairly intense absorption band a t  1660 cm’l (Figure 2d), i.e. at the same 
frequency at which a wide range of relatively simple quinones (cf. Table I) show a diag- 
nostic absorption. If this observation is viewed against the background of polarographic 
evidence (13) and x-ray diffraction data (14) - which prficlude polycondensed ring 
systems of more than 4-5 rings in low and medium rank coals - it can be concluded 
with reasonable safety that while simple benzoquinones cannot be postulated, possible 
structures could include OH-substituted naphthoquinones and anthraquinones as well as 
more complex systems containing heterocyclic oxygen. Detailed examination of the 
infrared spectra obtained in these laboratories leads, in short, to the conclusion that 
structures VIII and IX appear to be the simplest consistent with presently available 
evidence. 

But more unequivocal information about them 

Table I. Carbonyl stretching frequencies of quinones 

Compound 
Frequencies 

Cm-1 Phase 

1,4-Benzoquinone 
1,2-Benzoquinone 
lt4-Naphthoquinone 
1,2 -Naphthoquinone 

9,lO-Phenanthraquinone 
Anthraquinone 

Anthrone 
Bianchrone 
Bianthronyl 
Anthanthrone 
Dibenzypyrenequinone 

3,8-Pyrenquinone 
3,lO-Pyrenequinone 

Dibenzanthrone 
isoViolanthrone 
Pyranthrone 
Helianthrone 

1,2-Chrysenequinone 
1,2-Benzanthra-9,10-quinone 
1,2,3,4-Dibentanthraquinone 
1,2,5,6-Dibenzanthraquinone 
3,lO-Perylenequinone 

1665 
1669 
1662 
1678 
1671 
1670 
1654 
1657 
1656 
1650 
1645 
1636 
1640 
1645 
1646 
1642 
1642. 
1661 
1664 

1662,1749 
1652 
1650 

Mull 
CCl4 
Mull 
CCl4 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 

Initial methylation was designed to block all readily accessible hydroxy groups of 
phenols and carboxyls and thereby to avoid interference due to acetate esters and 
anhydrides in the 1800 and 1740 cm” regions of the infrared spectra. 
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It i s ,  in this connection, noteworthy that estimates of the concentration 
of quinones in humic acid (9) by several different techniques yielded values of the 
order of 0.8 2 0.2 milliequivalents/$n. 
hydrogen-bonded quinones, which was derived from acetyl determinations on the 
assumption that each quinonoid oxygen is. H-bonded to one phenolic -OH that can 
in turn be acetylated by acetic anhydride, was found to be 0.63 milliequivalent/gm . 
(and thus in good agreement with previously reported values; 15,16,17,18). 

The corresponding concentration of 

An estimate of the carboxyl carbon 1:quinone ratio was obtained from the 
relative intensities of the 1660 and 1735 cm-'absorptions on the assumption that 
the relationship between these bands was similar to that prevailing in the infrared 
spectrum of 2-@-carboxyphenyl)-l, 4-naphthoquinone (which was chosen as  a 
suitable model compound - Figure 2e). 14 as com- 
pared with 
it is, in view of the obvious inaccuracies entailed in the estimation via infrared 
spectra, not excessive. 

This ratio was found to be 
6 calculated from analytical data. While this discrepancy is large, 

With respect to the water-solubility induced in the humic acid derivative 
by reaction with the diazonium salt i t  might also usefully be noted that this appezis 
only partly to arise from the introduction of sulfonic acid residues; a conn3x:ory 
factor seems to be cleavage of -CH2- bridges and the consequent reductioz in mole- 
cular size. In support of this view attention is drawn to the identification of formal- 
dehyde among the reaction products. The formative step for this would be 

HOAr'CH2Ar'OH -F 2Ar1'N2C1 - 2HOAr'NzAr" + CH20 

Recent experiments in these laboratories have shown that coals can 
undergo similar reaction with diazotized sulfanilic acid, but that the yield of water- 
soluble products decreases rapidly with increasing rank. While a lignite (C = 71% 
d.a.f.) showed after two treatments a ca. 80-90 per cent conversion, two subbitu- 
minous coals (C = 74 and 80% resp.) yielded after several treatments only about 50 
to 70 per cent water-soluble derivatives, and a bituminous coal (C = 87%) proved 
almost wholly unreacted. 
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An alternative technique now actively being explored, i.e. sulfo- 
methylation (19,20,21) by means of CH2=O and NaHSO3 leading to the addition of 
-CH2!jO3H to the aromatic nuclei, has been shown to produce analogous results 
(and, if anything, to be even more strongly affected by coal rank). It is, however, 
considered that yields of water-soluble products obtainable by this reaction, or by 
reaction with a diazonium salt, can be significantly increased by mild preliminary 
oxidation of the coal. 

V . The Skeletal Structure 

From measurements of the viscosities of humic acid solutions it has been 
concluded that humic acids may resemble flexible, linear polyelectrolytes (22). 
This conclusion, however, is considered untenable since humic acids show surprising 
stability in high-intensity ultrasonic fields (23); even prolonged exposure at frequencies 
up to 2 mc/s and intensities up to -10 watts/cm2 have failed to induce molecular 
rupture. Since the molecular weights of the test samples exceeded 5,000, i.e. a size 
at  which linear molecules would degrade, it has, in the light of x-ray diffraction evi- 
dence, been postulated that the most probable skeletal structure involves relatively 
small (3-4 condensed ring) aromatic systems interlinked by mixed -0- and -CH2- 
bridge structures. Linkage by -0- 02 was ruled out by the fact that pyrolysis of 
humic acids yields considerable quantities of tarry matter (and, subsequently, by the 
detection of CH2=O as a by-product of reaction with diazonium salts, cf. above). 

To test this general concept in detail, and to develop means for quanti- 
tative estimation of -CH2- and -0- concentrations, current studies in these laboratories 
are directing attention to reactions of humic acid with (a) BF3 in phenol, and (b) Na 
in liquid ammonia. 

Interactions between coal and BFg-phenol have recently been reported by 
Heredy and Neuworth (24) who found 60-80% conversion of a high volatile bituminous 
coal into soluble products, presumably by the rupture of methylene bridges between 
aromatic nuclei. 
this reagent mixture. The reaction appears to be accompanied by considerable mole- 
cular degradation* and several direct comparisons are possible between Heredy and 
Neuworth's and our results. Thus: 

We have now observed humic acids to be completely soluble in 

(a) A considerable increase in weight results from interaction between 
humic acid and BFg-phenol (e.g. from 13.6 to 29.0 gm); this indicates a combined 
phenol content of 53.2% which compares with a value of 55.7% reported by Heredy 
and Neuworth for one of their fractions. 

(b) The reacted, BFg-phenol-soluble humic acid is, like the soluble coal 
fraction (above) of Heredy and Neuworth, soluble in methanol. 

* Quite low molecular weight crystalline reaction products have been isolated from 
the mixture and tentatively identified by us. Details will be published elsewhere 
in due course. 
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(c) The phenolic -OH concentration in reacted humic acid amounts to 
ca. 5.1 milliequivalents/gm (as compared with 4.3 milliequivalents/gm for the 
reacted coal fraction referred to in (a) above). 

A particularly noteworthy observation is that the carboxyl groups initially 
present in humic acid are completely eliminated by reaction with BF3-phenol - 
probably as  a result of BFg-catalyzed condensation of the type (26): 

0 
BF3 II Ar COOH + PhOH b A r c  -PhOH 

or 

If a scheme of this form is tentatively accepted, the further assumption 
that each -CH2- group reacts with two molecules of phenol leads to the conclusion 
&at methylene bridges occur in humic acid a t  the rate of one per every -200 
molecular weight units. An assumption that each -CH2- reacts with a single phenol 
molecule (24) would halve this estimate. Lf it is (quite reasonably) supposed that a 
proportion of 4H2- will survive the oxidation processes by which coal is converted 
into humic acid, even the first estimate is in good agreement with a value of ca. 
one -CH2- per every 100 molecular weight units in coal (26). - 

The interest attaching to reactions with sodium in liquid ammonia arises 
primarily from the ability of this reagent mixture to cleave aromatic ether linkages 
which are, for various reasons, presumed to exist in humic acid (and coal). De- 
tailed studies of this aspect in our laboratories are still in their initial stages; but 
it is worth noting that while reaction between humic acid and Na-NH3 leaves a sub- 
stantial residue of insoluble material, the derivative obtained from reaction with 
BF~-phenol becomes completely soluble in acetone. 
to the view that this differentiation lends some support to  the existence of mixed 
-CH2- and -0- bridges in the parent molecule. 

We are tentatively inclined 
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FIGURE 1. H d c  acids and derivatives 

(a parent h d c  acids ( suzfoZane mull). ( c )  parent humic acid (RujoL mulr) . 
(b 1 humic acids heated in sulfolaae 

( a u l f o h n e  H). acetic a n h a  -l. 
(a) humic acids treated w i t h  boiUng 
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FIGURE 2 .  Humic acids and derivatives. 

(a) parent humic acids. 
@) 
(c) methylated. 
(d) 
(e) 2-(p-~arboxylphenyl)-l, 4-naphthoquinone. 

treated with diazotized sulfanilic acid. 

product of (c) treated with acetic anhydride. 
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TJ. $. 3ep&mnt of the Illterior, G r a d  Forks 
Lignite Research Iaboratory, Bureau of I~iines, 

G r a d  r'orks, N. D&. 

The t e n  "hunic acid" -as f i r s t  applied i n  1 ~ 2 6  by Sprengel (9) to  that broTm 
morphous 2recipitate which is obtain& .PJ a c i d i w  the &di extract  of decayed 
orga;lic matter i? so i l .  
extractes aot  on ly  f rom.soi l  but also from peat, b rom coal, oxidized biixrdnms coal, 
a d  even from a r t i f i c i a l  materials obtained i n  the i abora tog  by action of  inorganic 
acids or  cr;i&izing agezts  on carbo&ydrattes, proteirs, and phecols. Odizl (8) in 
1922 re2slined humic acids as yeellow-brown t o  black-bro?m substances of e o - m  
constitution, forneed in nature by decoqosi t ion of organic m.teria3.s u d e r  atnos- 
2heric influence or in the laboratory by chemical action. 
hytkogeo ions and fom typica l  s a l t s  Uith strong bases 3nd u s e  are insoluble in  
water, so1EbI.e in alkali, and reprecipitated by %id. I n  general, bumic accids a.re 
not chemically urdlorm substances , but are Qdrophilic, reversible colloids with 
molecular Yieights varying ~Yon 300 t o  as high as 10,000 units. 
c v ~ y  a negative charge. me a l k a l i  solubi l i ty  of hmic  acid is due t o  carboxyl 
and phenolic hydroxyl groups vhich account f o r  about 22 gercent of the might of  
the mlecule. 

Since the inception of the tern, % m i c  acids have been 

Zmic acids can sp l i t  o f f  

,Theirmicelles 

E d c  acid i s  an e s sen t i a l  part of soil. It is this nater ia l ,  present in good 
soi l ,  that  fixes nitrogeo, d e s  available t o  the plant, tluwugh base exhange, the 
s o i l  nutrients, and inprows the physical structure of the soil .  In recent years, 
mch research has been conducted, particuLarly in Edia, Japac, C e m a n y ,  -%ssia, 
and AFrance, on replenishing "&e depleted h-c acids of soils v i t h  the so-calle& 
"regmerated h d c  aciCs" obtained by oxidation of coal. 
vHch closely resemble the natmd h M c  acids, have e i the r  been &ed direct ly  
t o  the soil or first suppleaented witin plant nutrients. 
have & o m  that these humic acid 2reparations Lzprove plant  *PELS (3), decrease 
loss of noisture from t& s o i l  (6 ) ,  a d  increase the irorkability of  the soil (2).  

'These regenerated acids, 

Greenhouse and f i e ld  tes t s  

As a convenient and comercial  saurce of humic acids, eLeensive reserves o f  
naturally-oxidized U&te occur v i th  virtu- dJ. l ign i te  outcrops in €ioiO-rth Dakota. 
This na ix rw-ox id ized  ma te r id ,  ;hi& contains up to 56 gercent h d c  acids on a 
moisture-and-ash-free basis, has been given the -e " k o n a i i t e , "  mer A. G. 
Leonard, first director  of the K o f i  Da$ota Geological Sur t -e~ ,  vho dici such of the 
ear ly  studies on these deposits (1). 
structure t o  lignite, but s ign i f i can tb  6ifferer;t in i t a  oxygen d ash contents. 
In Table 1 the u l t b a t e  W e s  of l igni te ,  l e o d i t e ,  l ign i te  oxidized with aFr 
in the laboratory a t  150" C, and h d c  acid extracted r b n  l e o d i t e  with UT ??aCB 
are  conpared. "he ash content of leonardite -mries fron mine t o  mine but is ? 1 s u a l l 3  
between 15 and 30 percent on a moisture-free basis. 

Leonardite is a c o U e  substance similar i n  



TABLE 1. - h a l y  ses of &mitic  materials, uercent 

Humic acid extracted 
Oxidized f rom leonardite 

Leonardite Lignite l i g n i t e  by UI NaJaoB 

(me) 18.7 10.0 10 -7 3 -9 
m o a e n  (-1 4 .O 5 -1 2.9 3 -4 
Carbon (mu?) 65.2 72.8 65.4 63.5 

1.3 1.2 1.4 1.3 
26.6 19.9 29 -2 3 1  .i 

sulfur- (naf 2*9 1.0 1.1 0.7 

AhlhDIWIOlJ  OF ISONARDZCE 

Nitrogen-enriched coal humic fertilizers have received much emphssis i n  the 
past few years. 
w e U  as conventional f z r t i l i z e r s  and release n i t r o z a  more slowly. 
In tschnology is t o  develop a product with sufficiently-high nitrogen content (around 
20 pct)  which w i l J .  s t i l l  remain co~snercially competitive. 

Recent investigations have Indicated that these products pprform 
The msin problem 

To determFne if leonardite could be aamxmlated t o  a product containin5 sufficient 
nitrogen for use as an organic f e r t i l i z e r ,  sanples were prepared by three different 
aethods: (1) Ammniation i n  an aqueous slurry, (2) ammoniation in  an upward n0Vl;lg 
gas s t r e a m  t h o u @  a c o l m  of dried leonardite, and (3) ammoniation under pressure 
of 2,000 psi:: a t  2o0° C. 
leonardite samples and the aaalysis of an aqueous- amnoniated humic acid axtracted 
 fro^ leonasdite appear in table 2. The increase of nitrogen content of leonardite, 
even under radical conditions, is not sufficient for it t a  be used as an or,pnic 
f e r t i l i z e r .  The nitrogen content of the amnniated humic acid incr?ased 2.5 times 
over that of the correspondingJy amrPoniated l e o i s d i t e  sample. The higher ash 
content, as w d l  as the  l5-perced nonhmic carbonaceous r s t s i a l  i n  the leonardite, 
accounts for  the decreased react ivi ty  with m o n i a .  Therefore, t o  prepare a hizh- 
nitroZen organic fzrtilizer, the humic acids would f i r s t  have to  be extracted from 
the leonardite. 

The nitrogen analyses of these variously ammoniated 

TIWLF: 2. - iiitrogen analyses of variously arnoniated samples, percent 
(bbisture-free basis)  

Method of m o n i a t i o n  
Sacrple 1 2 3 

Leonardite 
Eiunic acid 

On2 part of the mrk a t  t’Ls laboratory vas t o  find an i n q e n s i v e ,  rapid method 
for  obbtshin; from lsxm.rdite bulk quantit ies of lov-ash ;nunic acids vhich could be 
used in prepxinz a soil conditioner and hi,$-nitrogen-content organic f e r t i l i z e r .  
Ths W c  acids in leonardite are  bound to  the ash largely as insoluble calcium 
salts. Tierofore, t o  racover the h W c  acids requires not only a physical mans 

c 
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of rem- the clay and sand, but also a chemical t r e a h n t  t o  displace the calcium 
ion. 
ubles by centrifuging the humate solution was the standard procedure f o r  obtain- 
ing low-ash humic acids (5). The a l k a l i  extraction process, however, requires 
not only fresh a lka l i  for each l o t  of humic acid prepared but also an equivalent 
amount of acid to set the humic acid free, both of which arc  used up i n  the process. 
The large wlunes of water, vhich mst be used t o  obtain a low-ash produd, plus 
the  unfil terable nature of the dllrdLi hwnate solution and acid-precipitated humic 
acid, makc the alkali  extraction of humic acids anattractive. 
e l t i n g  dkaU extraction as the method of preparing low-ash humic acids was 
approached b;r two different  routes: 
from the leonardite, leavLng a carbonaceous product containing around 85 percent 
humic acid, and (2) extracting the humic acid from the leonardite with a n  organic 
solvent tha t  could be reclaimed f o r  further extractions. 

In the  past, durall extraction of the humic acids with removal of  the fnaol- 

The problem of 

(1) Removing the  ash l?hysicaUy and chemicaUy 

Float-Sink Process. 
used in our experiments. 
separatory funnel containing CC1 
the  humic acids was transferred %o a f i l t e r ,  and the El4 was removed. The product 
w a s  washed f i r s t  with a d i lu te  H SO4 solution, then wi th  warn water. 
this experiment appear in table  3. 
absorption of the solution on the  carbonaceous material caused the latter t o  s h ,  
resul t ing i n  a l o w  yield of humic material. 

Figure 1 schematically represents the process that was 
Partially-dried, pulverized leonardite w a s  added t o  a 

as the  dense medium. The f l o a t  f ract ion containing 

The results of 
A ZnCl, solution w a s  t r i ed  i n  place of C C 1  , but 

TG3IE 3. - An examination of the float-sink process, misture-free basis, 
resul ts  given 53 perceat 

Feed 
Ash 
- Product 

Yield Ash h n i c  Acid 

17.7 73-1 3.5 89.0 1.1.4 56.8 

Note - Hot included i n  data is  loss of  water-soluble material. 

Flotation Process. Ime f lo ta t ion  process for ash separation is schematically 
depicted i n  fi6gxe 2. 
f lo ta t ion  cell, which contained a lignite-tar creosote fraction as a frothing agent. 
The froth vas collected on a f i l t e r ,  and the f i l t e r  cake was washed with di lute  
H2S0,, followed by w a r m  vater.  Results of a typical  experiment i n  this process 
a2pea.r in table 4. 

The as-received, pulverized leonardite w a s  added to  the 

TABU3 4. - Analyrs is of the f lo ta t ion  process, percent 

Feed Troduct 
:,bisturc L S ~  :bisture Asin (m-) Yield (nf.fl 

9.5 18.2 6.0 u * 3  13.6 

san ic -So lven t  W r a c t i o n  ,%cess. The use of  an organic solvent f o r  
extraction of humic acids Tiould 5e m s t  at t ract ive if the solvcnt could be reclaiined 
by d is t i l l a t ion  and reused without reaction with or being absorbed on the humic 
acids. 
solvent mixtures regarding t h e i r  a b i l i t y  t o  dis2erse hu3lic acids from n i t r i c  acid- 
oxidized bituninous coal. They concluded that the nost economical. an& nost easi& 
handled solwnt f o r  the commercial extraction of humic acids is a aixturc of  

P o w 4  and -cy (7) d e  an extensive s m y  of organic solvents and 
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acetone and water. 
extract humic acids from leonardite pravided the  leonardite m s  pretreated with 
d i l u t e  mineral acid. The m t  of humic acids extractable ras di rec t ly  proportional 
t o  the amount of nineral acid used in t h e  pretreatment. 
experiments conducted revealed that the most eff ic ient  Pjctraction was accowlished 
using one liter of 80-20 acetone-water (percent by voiune) and 10 grams of XCl 
(basis: hydrogen chloride) per 100 gram of leonardite (n?oisture--Pree). Ten ge3s 
of H C 1  per 100 gram of leonardite is s l igh t ly  in excess or the  acid t h a t  -dll be 
necessary t o  replace the  calcium ion v i t h  hydrogen ions Fn an average leonardite 
sarple. Sulfuric acid was t r i e d  in place of H C l  as the  source for  the  d isp lackg  
H-ions, but t h e  resulting C&%S, mixed Kith t h e  hunic acids, resulted Fn an un- 
f u t e r a b l e  product with a high ash  content.. In t h e  f i r s t  experiments, the node 
of extraction was a countercurrent column. An acetme-water-HCl pretreated leonard- 
i t e  slurry wa8 added t o  the  top of the c o l m  w h i l e  a solution of acetone-water 
was forced slowly uppward through the slurry. The yields of humic acids were g o d ,  
but the  ash content of the product IEIS high, indicating some carryover of ash. 
Iater expcdments shared t h a t  sedimentation of ash and nonhumic carbonaceous m- 
terial In an acetone-water-HCl solution is qui te  rapid; thus a simple se t t l ing  tank 
replaced the countercurrent column in the process. A flow dia~m of the process 
eppears in figure 3. 

Fovkes and Frost (4) showed that an acetone-water solution would 

The several preliminary 

The resul ts  of t h e  experiments appear in tab le  5. 

TABLE 5. -And.?? sis of the  acetone-water-HC1 extraction of 
hunic acid from leonardite, noisture-free basis, 

percent 

Feed Product Tailinas 
Ash) Yield (d) ash [mf)  iTa0d-soluble bf) Yield (DLO) Ash (iafl 

17 -8 a.9 1.8 8 . 8  31 e 1  38.2 
63.5 
3 -8 

Slenentd  ( T i  1.0 
(maf) ( S  0 -7 

( 0  31.0 
IIote - lid included in data is loss of water- and acid-soluble catwid 

DISCLGSIOE 

A comparison of the three processes investigated reveals t h e  drawbacks of the  
float-sink and the f lotat ion processes. The float-sink separation requirzs a non- 
polar  nediun, carbon tetrachloride, which is absorbed t o  some extent on the  leonardite. 
The use of C C L ,  plus the fac t  tha t  the leonardite must be partially dried before  
separation, d e s  this process unattractive comercially.  
not produce the desired resul ts .  
by the  large nunber of carboxyl and h y d r o q l  groups on the  raicelle's periphery, the 
y i d d s  of hunic acids w e r e  l ow and t h e i r  ash contents high. 
the leonardite Kith a l ight  neutral fraction of coal tar to incresae its m o p h o -  
b ic i ty  failed.  Changing the frothing agents several t ines  dlso gave poor results. 
The acetone-water-EC1 extraction of humic acids lends itself nost favorably t o  a 
c o m e r c i a  process. The yield of low-ash product i s  high. 
recovered by d is t i l l a t ion  at a l o w  tenperatme, and the  loss  is very snail. 
does not react Kith, nor is it absorbed on, t h e  U c  acids. 

The f lo ta t ion  process a d  
OwLng t o  the  l o w  hydrophobicity of leonerdite, caused 

Attempts t o  precondition 

The acztone is a . s L l ~  
Acetone 

The process requires 



16. 

sinple equipent ( a  sedimentation setup works W t e  well), and the insolubles 
s e t t l e  rapidly, 
asd a minimum amount of trash water  is needed to  obtain a low-ash pmduct. 

The humic acids are easi ly  filtered once toe acetone is nmved, 
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HUMIC ACIDS FROM SUBBITUMINOUS COAL - 
A STUDY OF CONTROLLEDDRY OXIDATION 

N. Berkowitz, E. J. Jensen and N. Melnyk 

Research Council of Alberta 
Edmonton, Alberta, Canada 

During the past few years, advances in humic acid chemistry have 
made it increasingly clear that humic acids offer an interesting and fairly direct 
route to large-scale chemical utilization of coal, and several commercial products 
containing (or derived from) them are, in fact, already being marketed (1,2,3). 
Despite this progress, however, processes by which humic acids form from and 
in coal are, like theic detailed structure, still only &completely understood and 
merit further investigation. 

By definition, humic acids are brownish-black, alkali-soluble solids 
which can either be recovered from naturally weathered coals (4,s) or, alternatively, 
be prepared by controlled oxidation. The latter procedure, which is in principle 
to be preferred to reliance on necessarily random and somewhat uncertain natural 
processes, may take two basic forms. Pulverized coal can either be heated and re- 
acted with air or oxygen (or with an oxygen-enriched air stream), in fluidized or 
static bed (6,7,8,9,10); or the coal may be suspended, conventionally, in hot 
aqueous alkali and treated under pressure (11,12,13) with air or oxygen. The 
choice between these techniques appears, a t  this time, to be largely a matter of 
personal preference since each has distinct advantages and disadvantages. For 
example, while wet oxidation will generally entail a substantially shorter reaction 
period than the dry process, its greater severity will usually mean lower yields of 
humic acids (and a proportionately greater concentration of low-molecular weight, 
water soluble, degradation products in the final product mixture)fll). 

Regarding the formation of secondary degradation products a s  
basically undesirable, the Research Council of Alberta concentrated an initial 
study of the mechanism of the coal - humic acid conversion on dry oxidation. 
This paper reports the behaviour of a typical Alberta subbituminous coal in such 
a process. 



Experimental Procedure 

In order to permit meanin@ measurements which could be related 
to the ambient conditions under which oxidation was carried out, an apparatus of 
the form illustrated in Figures 1 and 2 was used. This afforded a gas-tight, closed 
circuit with provisions for pressure regulation, gas sampling and withdrawal of coal 
aliquots without interruption of the conversion process. 
grams, the total volume of the apparatus was approximately 2,200 cc. 

A s  indicated in the dia- 

Oxidation of the coal was achieved by means of dry oxygen which 
was introduced into the apparatus a t  the same rate a t  which it was consumed and 
which was thus maintained a t  a constant pre-selected pressure throughout each 
experiment. By arranging one-half of the constant-head oxygen supply bottle as  
a calibrated cylinder, accurate measurements of 02-consumption rates were pos- 
sible. The total pressure was maintained at 1 atmosphere. 

Instantaneous oxygen concentrations within the apparatus were con- 
tinuously recorded on a Beckman F3 oxygen analyzer. 

A t  the commencement of a run, the oxygen bottle was filled and 
the measuring cylinder completely topped with water. 15.00 gm of coal ( -65 f 
150 mesh Tyler), Jacuum dried at  50°C were then charged into the fluidizer, the 
COP and H20 absorbers weighed (to the nearest 0.01 gm) and the fluidizer brought 
to the selected reaction temperature. 

During the first 30 minutes after attainment of the reaction tempera- 
ture, the rate of oxygen consumption would occasionally exceed the capacity of the 
supply valve, and in such cases, oxygen was furnished from a secondary source. 
BY this means, it was possible to maintain the oxygen content uniform within 2 1%. 

A s  the nzn progressed, 1 cc gas samples were withdrawn from time 
to time and submitted to gas-chromatographic determination of oxygen (as a check 
on the performance of the Beckman analyzer), nitrogen (as a test for leaks) and 
carbon monoxide. A t  regular intervals, 0.1 - 0 . 2  gm coal samples were also with- 
drawn for infrared spectroscopy, elemental analysis and functional group determina- 
tion. 

Measurements of alkali-solubles in these coal samples - conven- 
tionally accepted as a measure of humic acid content - were made by Kreulen's 
method and expressed a s  percentage humic acids in the sample (14). 
modification in Kreulen's method wag however, introduced in order to  secure greater 
precision. Since the results obtained are distinctly time-dependent (cf. Figure 3) - 
presumably because of further oxidation in aqueous alkali - and since this drift 
could not be eliminated by blanketing with N2, humic acid contents were determined 
at  2 and 24 hours after initial suspension in alkali and extrapolated to zero time. 
Since the titre increased linearly with time for a t  least the first 30 hours after extraction, 
this procedure was considered justified and relatively error-free. 

A minor 
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Results 

Experiments so far have been limited to a single subbituminous 
coal with C /V 71%, H - 4.2% . Results obtained are exemplified by Figure 4 
which reproduces data gathered during a single experiment in which the oxygen 
concentration and temperature were held constant at 22.5% and 25OoC, respec- 
tively. It will be observed that the carbon and hydrogen contents of the solid 
move asymptotically towards limiting values, while carboxylic acid concen- 
tration and total acidity (total acidity = carboxyl i- phenolic OH) pass through a 
definite, broad maxiuium . 
through a maximum. CO (not shown in Figure 4) appeared in the  early stages 
of conversion, reached a maximum at  10 hours (5-15% by volume of gas) and 
disappeared completely beyond 65 hours. 
is a t  this time unknown. 

The humic acid concentration likewise passes 

The significance of this obsemation 

Material balances, which were established in all runs, checked 
within 5%.  
concentration and 2 2OC in temperature, and the various measured quantities as  
shown in Figure 4 agreed to within f 5% . 

Experimental conditions could be duplicated to within $1% in oxygen 

Figure 5 represents a repeat of the experiment illustrated in 

Beyond the first 150 hours, only insignificant 
Figure 4, but this time extended to 450 hours. No measurements were made 
before 150 hours had lapsed. 
changes appear to take place in the composition of the solid, but as  shown by 
the continuous oxygen consumption, there is a steady loss of coal and already 
formed humic acid to carbon dioxide and water. A t  the conclusion of the test, 
only 46% of the original charge was recovered as  compared with 66% in the test 
stopped a t  150 hours. 

Similar experiments were canied out a t  temperatures between 150 
and 300@, and at  oxygen concentrations between 10 and 100%. Figure 6 illus- 
trates the relation between temperature and functional groups at  constant ‘oxygen 
concentration. The same relationship was found in tests where the oxygen con- 
centration was varied. 

A summary of 20 experiments s o  far concluded in the study here 
under review is contained in Figure 7 a  and b. For the particular coal examined 
in these runs, the pattern shows optimum humic acid conversion and recovery after 1 
65 hours a t  250°C and 25% oxygen concentration. 

4 

II 

The humic acid content in the oxidized coal ran to ca. 95% and 
The total some 75% total solids (based on the initial charge) were recovered. 

(phenolic -OH plus -GOOH) funchanal group concentration in the humic acid 
formed under these conditions runs to 10 milliequivalents/gm. 
C-H values are 61% and 1.8% respectively. 

The limiting 
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Discussion 

Whether another coal would significantly alter the general 
pattern of results shown in Figure 7a and b, or whether it would only change 
the position of the maxima remains to be determined. 
at this time, be said about possible catalytic effects of coal ash on the 
conversion process. 
hand provide worthwhile new information. 

Nor can anything, 

Despite these limitations, however, the data so far a t  

A s  might be expected, variations in oxygen concentration and 
Below 10% oxygen or 

Above 80% oxygen or 300° C, 
temperame tended to work in the same direction. 
150° C, no significant reaction was observed. 
rapid and complete oxidation of the coal to C02 and H20 was found. 
any conditions within this general range the carboxylic acid content rose 
through a maximum and then decreased (although the measurements were not 
always continued into the fall-off region). The total acidity likewise passed 
through a broad, but less pronounced maximum. These maxima occurred at  
shorter times as  oxygen concentrations or temperatures increased. 

For 

The results illustrated in Figure 6 show that a temperature 
variation markedly influences the carboxyl concentration, which may range 
from 1 - 9 m . eq./gm . On the other hand, the total acidity is much less 
temperature dependent. Production of a humic acid principally characterized 
by either -OH or -COOH contents is, accordingly, dependent upon a more care- 
ful choice of experimental conditions than would be required if a predetermined 
total acidity only is to be afforded. 

Since other results - though a s  yet incomplete - indicate 
that oxygen concentration has the same effect a s  temperature on the content 
and composition of the functional groups, the same statement may apply to 
this variable. 

Another finding relates to the infrared spectra of partially re- 
acted coal samples. These spectra, which were measured in order to gain 
information about reaction products not encompassed by other methods em- 
ployed, did in some (but not all) series show pronounced absorption bands 
at  1850 and 1785 cm-' and thereby indicate the existence of 5-membered 
ring cyclic anhydrides (15,16). To our knowledge, such components have 
not previously been reported from studies of the c o a l 4  humic acid con- 
version and now Bise the question of whether they are intermediates in the 
reaction sequence leading to humic acids or merely the result of dehydration 
of already formed humic acids. Because the answer to this question would 
provide experimental evidence for or against 'Tronov's postulates (17), sug- 
gesting that such cyclic anhydrides might be essential steps in the mechanism 
of conversion, a study pertaining to this problem is currently in progress in 
these laboratories. 
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Finally, some significance may be attached to the variations 
of carbon and hydrogen contents (cf. Figure 7a). 
quantities to limiting values which cannot, apparently, be lowered by ex- 
tending the reaction period, lends interesting experimental support to Francis' 
work on "oxidation tracks" and tends to validate the "limiting oxidation line" 
of his diagram (18). 
and/or higher oxygen concentrations appear to accomplish little more than 
conversion of carbon and hydrogen to C02 and H20 respectively. 

The approach of these 

Prolonged oxidation, increased reaction temperatures, 

In the light of Figure 7a and b, i t  is obvious that optimum 
conditions for oxidatinn of a given coal, and for the production of a humic 
acid possessing predetermined properties, can be chosen with some ease. 
It is, however, equally obvious that artificial production of humic acids is 
subject to several limitations which arise a s  much from the meta-stability 
of humic acids a s  from the relatively low reaction rates. If it is accepted 
that humic acids hold an industrially important potential, further studies of 
their formation from coal are therefore imperative.. 

Acknowledgements 

We are indebted to Dr. J. C. Wood for assistance in various 
phases of the experimental work (and particularly for his help in interpreting 
the infrared spectra) and also wish to thank Mr. J. F. Fryer for the analytical 
data and Mr. E .  Kyto for help and inventiveness during the design and con- 
struction of the apparatus. 



1. 

2 .  

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

References 

Inukai, Toyoharu, J. Fuel Soc.  Japan, 35, 301 (1956), C.A. - 50, - 
17383d (1956). 

Council of Scientific & Indushial Research. Central Fuel Research 
Institute. Report of Director for the Year 1955-56 (p. 34) 
April 1956, Jealgora, India. 

Anon., Chem. Eng. - 69, No. 1, 38 (1962). 

Fowkes, W. W. and Frost, C.M., U.S. Bur. Mines Report Invest. 
5611, (1960). 

Jensen, E.J., Res. Council Alberta (Can.) Worm. Ser. 33, (1961). 

Friedman, L.D. and Kinney, C.R., Ind. Eng. Chem. 42, 2525 (1950). - 
Agrawal, D.P. and Iyengar, M.S., J. Sci. Ind. Res. (India) 12B, - 

443 (1953). 

Honda, H. and Yamakawa, ‘T., K^ogy; Kagaka Zasshi 61, 717 (1958), 
I 

C.A. 55, 11802d (1961). - 
Honda, H. and Yamakawa, T., K^ogy; Kagaka Zasshi 61, 1589 (1958), - 

C.A. 56, 641f (1962). - 
Shrikhande, K.Y., Das Gupta, A .K. and Lahiri, A .  Jour. Mines, Metals 

Fuels 10, 1 (1962). - 
Holly, E .D. and Montgomery, R.S., Fuel 35, 49 (1956). - 
Nekryach, E.F. and Natanson, E.M., J. Appl. Chem. USSR (English 

Trans.) - 32, 363 (1959). 

Kamiya, Y., Fuel - 40, 149 (1961). 

Kreulen, D. J. W.,  Elements of Coal Chemistry, Nijgh and Van Ditmar, 
N.V., Rotterdam (1948), p. 61. 

Wood, J.C., Moschopedis, S.E. and den Hertog, W., Fuel 40, 491 (1961). 
c 

Berkowitz, N., Moschopedis, S .E. and Wood, J.C., Companion paper. 

Tronov, B.V., J. Appl. Chem. (USSR) 13, 1053 (1940), C.A. 35, - - 
1966 (1941). 

Francis, W., J. Inst. Fuel 25, 15 (1952 - 1953). - 
1 



24. 

F I G U R E  I 

COAL OXIDATION APPARATUS 
(not to scale) 



F I G U R E  2 

Legend: 
1) 4 liter 0 2  - reservoir 
2) 280 cm measuring column 
3) Adjustable mercury-filter disc air trap for (2) 
4) 0 2  -trap 
5) hnometer 
6) H20absorber 
7) &rcury tead capillary valve 
8) Auxilliary valves 

OXYGEN SUPPLY APPARATUS 
(not to scale) 
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FIGURE 3 
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HOURS AFER SUSPENSION IN ALKALI 
Titration of humic acid content, Changes of titre with time 

FIGURE 4 
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-sTP 

1.00 
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Variations of humic acid content and properties with time 

COOH = ada6xyl , C = carbon, H = hydrogen, 0 2  = oxygen consumption 
Legend: HA = humic acid content in % of sample, TA total acidity, 
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FIGURE 'la 

Variatiom d humic Qd amtent and prqerties with time. 
1) HA-COOH-TA 1) C - H  3) C-Hlintits 

F I G U R E  7b 

- TEMPERATURE OR 0 2  - CONCENTRATION __f 

Variations in functional groups with teqerature or 0 2  - concefikation 
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NONFUEL USES OF PEAT 

Moses ?asser 

Department of Chemistry, University of Minnesota 
Du-luth l2, Minnesota 

Peat can roughly be defined as the product resul t ing from a special  
a r r e s t ed  decay of dead vegetation. %e more t T f i i c a l  F e t t e r c  followed by 
dead plants is t o  undergo c o q l e t e  decw, with convexion of the organic 
matter into gases that a r e  released into the atmosghere, while the inorpsnic 
matter renains in  the s o i l .  
the  character is t ic  ceeds of t he  microorganisas thzit bring it about a r e  met; 
taese include, among ethers ,  e i r ,  water, and suitablg nntrieEts. When 
dead plants accmula te  -ades  water, however, a i r  is  excluded a d  only a 
aartisl decay takes place, together with Fhysical disintegration. After 
some hundreds o f  millions of years the successive praducts a re  l i gn i t e ,  
then bitminous coal, and u l t i a t e l y  anthraci te  coal. But at a re l a t ive ly  
very early s tage,  a f t e r  some 10,ooO to  20,000 years. the product of t h i s  
a r r e s t ed  decay is pat. Peat,  then, represents th3 base beginning of the  
coal i f icat ion grocess. 

This complex y o c e s s  can take glace only when 

Considerable data b v e  been Fublished on the areas of  peat bogs i n  
various p r t a  of the world, and on the amounts of ?est  i n  these bogs. 
is probably safe t o  accept these data so far as they indicate orders of 
magnitude. Beyond this, they m u s t  be t reated with consi&erable reserve, 
f o r  the very good reason tk-t v~tualkv nowhere has the u t i l i z a t i o n  of 
peat  been great enough t o  j u s t i f y  the tremendous expense of an e x h a s t h e  
a c c w a t e  3urvey. 
i n  t h s  Soviet Upioa Elod in Irebf i ,  where the re  a r e  large f u e l  Feat U u s -  
tries; second, in any other area wkere-there might be an exhaustive local  
siarveg f o r  a special ty  h i g h - d u e  Feet, such aa horticultural-gnde 
sphagnum.) l i t h  these disclaimers, Lhe following estimates s r e  Frobably 

It 

1 (Two exceptions t o  t h i s  statement may be noted: f i r s t ,  

as good as any: 1 
Teble 1 

World Peat Deposits’ 

Co-mtrx Satlare Miles Country S a m e  Wiles 
U.S.S.B. 65,000 Great B r i t a i n  9 , M O  
Canada 37,000 Ireland 4,700 
B i i l h d  30,000 Newfouzd+ncl 3 ,om 
Sweden 19,000 Xorway - 2.9C-JJ 
U.S.A. 11,200 A u s t r i a  1,500 
Germany 9,900 BmlImrk 4CO 

4 
I n  addition, ?est  deposits a r e  known t o  exis t  in the other continents, 

but there w e  cannot &e even ~med;lcsted guesses. 

1 h t a  on the smoatt of peat in the bogs a r e  even less r e l i ab le  t d  the , 
bog =Bas, since the depths of pest  d q o s i t s  w i l l  vary over wide ranges; 
typical ly ,  from 4 t o  20 f e e t  within a giver bog, and depths as shallow a? 
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a f o o t  or tvo, nrd as deep as 50 f e e t  or more, are not unknown. 
estimate, that of L z ~ k o v , ~  again is presented only as an order of m3gnit-e: 

The following 

Table 2 

World Peat Reservesa 
u a 

Bil l ion8  of Tons 

U.S. S.B. 153 
Rest of world 

Europe (except U.S.S.R.) 24.8 
Borth America 18.1 
A l l  others 27.1 2 

World t o t a l  223 
( a )  On an air-d-vied ( 3 6  moisture) basis 

\ 
And f o r  the United Ste.tes, we hare the data of SoDer a d  Osborn? 

I Table 3 

United States  Peat Reserves3 
1 

Sta te  \\ 
Peat Ares, Peat, mill ions 

m i  11 ions of tons, a l r -  
of acres dr ied  b a s i s  

Minnesota 5.2 
Wiscoasin 1.0 
Florida - 
Michi- - 
Virginia-Hmtb Carolina - 
Yev York 0.8 
:kine - 
Calif omia 0.06 
Ohio 0.05 
bll O t h 9 r 3  - 

1 %ta on current poduct ion t u 8  presented in Table 4. The discrepancies 
between the sums of the values f o r  iadivid-1 countriso and the t o t a l s  at 
the bottom a r e  due t o  th9 f a c t  thst .  the values i n  the table  are based on 
data from two d i f fe ren t  S O U T C ~ S , ~ * ~  a d  some of the values are estimates 
by th f3  aut?.?or i n  9c, a t t e q t  t o  reconcile these sources. 
produsers are  l i s ted .  

Only the larger 
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World Peat f ioduction i n  1960 

Thousanas of Tons 
3k3l ? i O n f U e 1  Spln 

Country 

U.S. s.9. 
Ireland 
Vest Geraauy 
%s t Germmy 
lTe ther l D d  9 

u.seA. 
Sweden 
Noluay 
DemTk 
caaad3. 
Finlsnd 
Po land 

8 6 , W  (est .)  
14 

895 

471 
70 
42 

- - 

185 
6 - 

145,000 ( e s t . )  
4,530 
1,780 

550 
500 
471 
345 
240 
187 
u35 
13.38 
125 

Total (estimates)’60,OCIO 100,OoO 160,OOO 

I few conclusions a re  immediately evident from these data. 
with sane 90 per cent of worll procluction, Russia is by an overwhelming 
tnargin the b z e s t  fac tor  121 the world Feat industqr. Second, only in 
Russia and in  Ireland dseg ymer  from beet &e UT a szbsttantisl f r a c t i m  
of  the l l e t i o n z l  energy supply. “h5.r*I since nearly e l l  the ‘ J n o ~ h e l ”  use 
ie i n  agricul ture ,  worlr i  consumption af  pest i n  agr icul ture  i s  appzent iy  
grea ter  than the amount burned f o r  fuel. 
date. ’311 nonfcel u t i l i z a t i o n  a r e  iauch 1sss ccrplete a d  u p t o d a t e  than their  
f u e l  data, zcd vere here estimated by extrapolation.) 
country pezt n t i l i z a t i s n  is syl loupous with s g r i c u l t u a l  n t i l i za t ion .  
Before  going i n t o  t h i s .  it might be ruieful $0 describe the various t s e s  
of peat. 

First, 
‘ 

(“Apparently” because RUssian 

?inally, in this 

‘f&il$ gects a r e  c b s s i f i e d  by soi l3  s c i e n t i s t s  in to  sme half-dosen 
o r  more well-defined g o e s ,  cmmercial s ta t is t ics’  a r e  g e n e r a l 4  b a s 4  on 
the following three classes: 

- Koss P&, or srhamun Deat zom, is pest derivsd h r g e l y  from spfiag- 
nun and hnnum mosses. l’kiis i s  a light-colored mafrrial, springy, with a 
well-defined layered stTucture in i t s  natural  s t a t e .  
d e c q o s e d  of the p a t s ,  with tke lovest bulk density (’7-15 lb./cu. f t . ) ,  
the  lowest ssh conteat (usually under 4 psi- cent),  the lowest 09 ( t z i c a l l y  
3.5 t o  5.0)1 and the Ughest  moisture-holding czTacity-q to 20  t ines  and 
more its own weight of water. Virtually a l l  pest  i q o r t e d  Into the United 

I t  i s  the least 
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Sta tes  consists of sohsgnum, which commands a m u c h  higher p r i c e  t b  the 
othe-r var ie t ies .  

Reed-aedm p a t s  a r e  peats  derived f r o m  reeds, sedges, grasses,  a t -  
t s ih ,  and v c i o u s  shrubs. They are much more decornoosed s d  aisintegrated 
thm sphagnm peats,  have a higher b f i 4  densi t7  (20-35 lb./cu. ft.!, a r e  
us:u=lly dark ir?. color, and tsnd t o  have a fibrous s t ructure  that i s  due to 
t h e i r  content of r s l e t i v e l y  undecmposed stems am3 roots.  f k e  pt! range is  
4.5 to 7.0; t he  ash content w i l l  t p i c a l l y  vary f r o m  about 
but nay be a g c ~ x l  deal higher; and the moistms-holding capacity i s  about 
o n e - h a l ’  t k t  3f sohgnm. 
i n  t h i s  countr j  i s  rsed-3edp8. 

t o  15 per cent 

About 0 n e - M  to two-thirds of the peat produced 

- Eiu;rrus I s  a catch-all name for pests  so c q l e t e b  decomposed and/or 
d 5 - , i n ’ . s ~ e t s d  as t 3  h v e  l o s t  t h e i r  biological  identity.  
peet ,  or i t  may derive from peat  land 03 which crops hsve been grown. 
t - n s  hmus, musk, and peat  soil tez?d t o  over-lay, but the ash content 
ueually serves a3 a convenient if arb i t ra ry  dividing l i n e  between 
peat-ash under 40 Fer cent--ad peat soil--over 40 per cent. 
t h i r d  of  United States domestic production can be c less i f ied  as humus. 

Eumus may be native 
The 

true 
About one- 

Although the nitrogen content of B e a t ,  some 1 tQ 3 per  cent, i s  not 
negl igible ,  t h i s  nitrosell is released so slowly that >eat i s  not considered 
tr, Piye any part icular  value as a di rec t  f e r t i l i z e r .  I ts  value i n  horti- 
c u l t ~ a l  applications l i e s ,  ra ther ,  i n  i t s  soil-improvemsnt chazacteristics.”* 
The addition of peat t a  a heavg clay s o i l ,  for e-le, brings about FL 
trenegdous iirpprovem?nt in the s t rac ture  o f  that so i l ,  And the  watsr-holding 
c=FT’”-city of Pest i s  beneficial  t a  any s o i l ,  since peat tends t o  eugply a 
buffer- tme action: i t  w i l l  absorb excess aois ture  during Deriods of too- 
b e a ~  reizfall, pad re lease t h i s  water during drou&t p r i o d s  , t h s  p o v i d i n g  
??IS growing blant with a more uniform supply of wat5r. 
advantagems i n  send.y so i l s .  These p r o p r t i e s  a r e  y i r t i c u l a r l y  beneficial  
i n  the b t i i l ? ing  of new l a m s ,  f o r  which large quant i t ies  of peat  are mixed 
into the s o i l  Pr ior  t o  the a p l i c a t i o n  of seed o r  sod. For s i m i l s r  reasons, 
neat i s  wide17 ‘sed  as a d c h i n g  sgent for ornamental plslrts and shrubs. 

This i s  notably 

In addition t o  the major use j u s t  described for s o i l  improvement, 
9e.t is used i n  a var ie ty  of other vays r d a t i n g  t o  agriculture.  
s s f l s ,  widely marketed. i n  s u l l  p l a s t i c  bags ,  a r e  generally mixtures of 
psst  md s o i l .  Mushroom growers have bsen using ges t  f o r  mushroom beds, 
and t h i s  pract ice  agpesrs to be growing.9 
peat  i s  f o m d  i n  the small molded yeat pots now sold in most garden supply 
s tores .  Tnsse were f i r s t  developed in ??orway, and substant ia l  mounts of 
Norwegian pots are narketed i n  t h i s  country. 
nroducers  have begun t o  manufacture these pots  from dmeatic peats. 
e i m i l L -  pots a r e  now being =de in Ireland on a different  p-inciple. 

Pot t ing 

A re la t ive ly  nev Outlet for 

More recently,  several American 
And 
Unlike 
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the Xorwegian and Aaericsn pots, which involve a high ,areasure nolding q e r -  
a t ion ,  the I r i s h  pot i s  =de by cut t ing a suitable cavity in  a block Of air- 
d r i ed  ?eat. This _oreserves the or iginal  s t ructure  and goros iw  of the peat,  
and i t  i s  claimed t k t  the greater cost of poduct ion  i s  j u s t i f i e d  by the i 
suberiority of the product. i 

J 

I 

b o t h e r  quite recent develoFnent shows >art icular  promise. 
culmination of work extending over nore than a decade, Baker" and h i a  
colleagues developed the r̂J.C:' f o r a d a s  for nursery soil mixes, consisting 
e s sen t i a l ly  of mixtures of peat moss and fine sand t o  which sui table  nutrients I 
a r e  added. Thia has a t t r ac t ed  videspreed snd favorable interest .  For I 

e w l e ,  the Irish n a t i o n a l  peat  establishment, Bord na Mona," has developed 
a modification of the U.C. formula ada2ted. t o  3b.rcrpea.n conditions, and i s  
now merketing t h i s  material as the  U.C.E.X. seed and po t t ing  cowoat. 

AS the 

1 

Several older agr i cu l tu ra l  a p l i c a t i o n s  s t i l l  acconnt for substantial  
One of these is the use of peat for  animal quant i t ies  of peat c o n s w t i o n .  

bedding and Foultry litter. 
pa r t i cu la r ly  su i t ab le  fo r  t h i s  >urpose, and '&e exhausted product consists 
of f i n e  manure whose d m  is g r e e t 4  e c e d  by the soil-conditioning 
property of the peat v i t h  which i t  i s  combined. 
u t i l i z a t i a n  consis ts  of the addition of 5 t o  LO per cent peat t o  s9nufacturedJ 
f e r t i l i z e r s .  This is based on the fact that  some of the components of 

1 commercial f e r t i l i z e r s  a r e  hygroscopic, so would bec3me st icky in humid 
weether and hard-caked under &y conditions. By absorbing or releasing 
moisture as needed, the pest  t a d s  t o  keep the f e r t i l i z e r  free-flowing. 
S t i l l  another a p l i c a t i o n  of the moisture-holding p r w e r t g  of  peat is found I 

i n  i t s  use in the packaging of cut flowers and cer tain vegetablea. 
c r a t e s ,  for example, a r e  sometimes lined v i t h  R l a y e r  of peat which is then , 
wetted. By slowly re leasing its moisture, the peat maintains the aspsrsgps ' 
i n  good condition during shipment. 

,I 
Its h5gh moisture capacity makes the >eat 

Another well-established 

Aswragas 

i 
The one ag r i cu l tu ra l  use which map ultimately have the greatest  poten- t 

,, 
tial of  a l l  would b e  t o  irco,c;orste i n to  peat ,  by chemical or microbiological 
means, suitable _ o h t  n u t r i s i t s  i n  the r ight  proportions and with the nece- 
ssarg character is t ics  of s w i l a b i l i t y  and r a t e  af release,  such 98 t o  add 
f e r t i l i z e r  properties t o  t h e  soil-conditioning a c t i v i t y  which Teat already 
possesses. Needless t o  say, t h i s  croblem has beeE and is b e b g  @veri ener- 
g e t i c  stw in almost ever? laboratory where peat i s  looked at from a chem- 
i c a l  o r  engineering point o f  view. 
a m a j o r  industry of th i s  nzture does not exis t  indicates that the groblem 
i s  s t i l l  quite far from a ~ o l u t i o n .  Xevertheless, two operations are in 
existence today i n  which such e >eat-fertilizer-soil-conditimer i s  being 
produced. h e  i s  in A ~ s t r i a , l ~ * ' ~  y b r e  the Gsterreichische Stickstoffwerb 
A. G. producas two peat  derivatives of t h i s  nature--Hmon and Voll-Humon. 
Bumon i s  mde by the  reEction of air-dried Teat (J+@ moisture) with a . & d r O ~  

So_oally needless t o  say, the f a c t  that 

1 
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ammonia i n  the arssence of air ,  at atmospheric 9ressure. 
completely absorbed i n  o m  pass v i t h  v i r t u a l l y  no loss. 
the nitrogen content from aboat 1 to 3 per cent. 
I s  t h s  r a t e  of re lease of nitrogen-about me-half becamins evailable t h e  
f i rs t  year and the remainder within two years. 
the  product is del iberately keot d m  t o  3 Der cent in  order thst as much 
h u i c  material per unit of nitrccen as possible be su>?liea t o  the plant. 
The esseDtia1 differonce betvsen Hunon and Poll-Hmon (*Cooplete Hunon") is 
that the l a t t e r  contains, i n  addition t o  nitrogen, the nutr ients  potassium 
m d  phosphorus, together with cer ta in  t race e l a e n t s .  A aajoor > r o b l a  w i t h  
Hunon and Voll-Suaon appears t o  b e  that the cost of production s t i l l  makes 
these y o d u c t s  too e x y m i v e  f o r  ordinar7 agricul turzl  use and thus l i m i t s  
t h e i r  w k e t  t c  h o r t i c u l t m a l  .q?lications. Nevertheless, about 10,m tons 
Fer year were being produced i n  1957. 

de Produits Chiaiques e t  E n g a i s  d ' A ~ b y , ~ ~ * ' ~  
nentation of peat f o l l o w i q  a t res tasn t  with ammonia en3 other chemicals. 
FIerS, tao,  tie coat of the 9roduct aF9e-s t o  present the major obstacle to 
wideapead u t i l i z a t i o n  of the process. Annual yoduct ion yes said t s  have 
bee9 e b m t  lW,OOO tons before t h e  Algerian w a r  destroyed a major cart of 
the  narkct, 

The ammonia i s  
This process r a i s e s  

The important consideration 

The nitrogen content of 

A re la te& process i s  the one develqed  by the i?rench COI!I~-, Societe 
The p-ocess involves a fer-  

Before we turn t o  nonfuel uses other than agricul ture ,  which a r e  found 
only outside the UDited S t a t e a ,  a few s t a t i s t i c s  on gai ted S ta tes  production 
and zonsLztion may be i n  order. 

Table 5 
United States  Pest C~nsumotion'~ 

Donss t i c  Product ion I q o r  t s 
Total Thou- Value, Domes- Thou- va h e ,  

Consumption, s a d s  Thou- t i c  sands Thou- 
fhousands of sands of ?re of sands of 

of Tons t on3 D o l l a r s  3ucers tms Dollars 

1939 134 
19M 225 
1950 255 
1955 503 
1958 597 
i959 706 
1960 735 
1961 777 

55 362 
141 1,006 
13 1 1,143 
274 2,283 
328 3 1 u  

419 4,372 
4.71 5,138 
525 4,991 

39 79 
59 84 
48 124 
82 229 
81 269 

105 287 
115 264 
123 252 

1,204 
2,704. 
3,867 
9 , 262 

12,034 
13,580 
13 , 509 
13,178 

A few trends bscme ap>arent f r o z  tbese stetistica. F i r s t ,  the use 



30 s i s  pet of 
nation of hone- 

? 

of peat has show 3 steady increase i n  th i s  country r i t h  
l e v e l l i n g  off. This is mderstandable-+e have become a 
m e r s ,  sad every lam a d  every @-den reprssents a aew market fo r  peat, 
Second, w h i l e  rlorcestic productton shows a steady increase paral le l ing 
consmytion, i e o r t s  seem t o  have reached 2 masirnun and leveled off. ?&at 
is really surpisiag i s  t t e  dollar value OS %e donestic procuct canpared 
v i t h  that of the imcorted. In 1961, f o r  example, we f ind  525,GCO k o m  oZ 
domestic mlued st about 5 million d o l l a r s ,  f o r  an average of s l i gh t ly  less 
than $10 per ton, as compared with an average value of the in@mts of over 
$50 per toll-5 t ines  as great. 
?lace, the domestic c r i c e s  r e f l ec t  tho ?roceeds received bg tLe original 
producer l .0.b. p lan t ,  and frequent13 m a  for a r o d u c t  a n i s e d  i n  bulk. 
Ihe i q m t e d  2 r i ces  are those ?aid by the  importer p.o.e., and invariably 
include the cost of a r a the r  e-ensive 9ackage. Severtheless, thare 
remains a coasidersble spread, and t h i s  i s  *% t 3  the f a c t  that  netr ly  a i l  
the i-orted n z t e r i a l  is Feet moss, wbich comm21lds a much higher market 
g r f ce  than reed-sedge emi humus, of which most domestic production consists. 
I n  f a c t ,  the ma,jor re%s’3n that im9orte are s o  high i s  that only a vsry sinall 
proFortion of American ?eat deposits are sphagnum moss of sui table  size 
and quality f o r  commercial meration. 

T%c factors  a r e  involved. In the f i r s t  

n 

The 2ext t ab le  skovs,  f o r  the y o u  1960, the major sources of the 
>eat  consumen iE the United States  and ths  major outlets.  “he discreFLacy 
between su~pla a d  utilizatioa is due t o  the f e c t  that only the material 
301d i n  comerciel  b n n e l s  i s  !-istea i n  the consmption, with no account 
taken of peat u t i l i z e d  in czptive o9erations. 

i 

4 
Table 6 

Peat  i n  the United S t a t e ~ - 1 9 6 0 ~ ~  

Major Domestic S o u r c ~ s  

M i  chi  , g  
Blorida 
Calif o rn i s  
P e m s r l v a i e  

- Veshinpton 
Indians 
ne7.i Serseg 
39 Other s t a t e s  

Thousands of Tons 

214 
39 
33 
3 1  
20 
27 
25 

less than 10 each 

Xajoor F o r e i n  Sources 

C a n a d a  
Yest Germany 
lola?ln 
h’etheriands 
Denmark 

157 
84 
8 

6 
a 

4 
1 

i 
1 

I 

4 
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Table 6 (continued) 

, 
t 

f.. 

I 

M d o r  Uses Thousands of Tons 

Soi l  Improvement 405 
Pott ing Soi ls  and Flower Paclings 17 
M i  s ce l l m e o m  9 

%e nantcel uses of pse: outside of a g r i c u l t w e  account fo=  only a 
minor f rac t ion  of t o t a l  pes t  consmytion. On t h s  other b r l ,  one of then 
c m s t i t n f c s  an izportant basic industry, and several  show cmsiderable 
i n t e r e s t  and promise. 

Perha93 the most ixportant of these nod-ael nonagicul ture  a ? ~ l i c a t i o n a  
of peat i s  i t s  use BE the raw X t e r i s l  for the manufacture o f  activated 
cerbon. The irqortanc5 of act ivate8 cl-5sn i n  s u g u  rofining, gas pur i f i -  
cation, chsnicsl  ?rocsssing, a!! other industr ies  i s  well  laown. A t  l ea s t  
one of the mor prad.xers (Horit Co., Amsterdan)12 makes m o s t  of i t a  ac t i -  
vated carbon f rom Feat, and there a r e  h d i c s t i o n s  that others mey follow 
s u i t .  A serious l imitat ion l i e s  i> the ra ther  strineel;t specifications of 
the s t e r t i n g  material. 
pezt  ~ u s t  be qufte d e c w o s e d .  t o  the extent that it s t i c k s  together l i k e  
e. &3z1, mu3 when pressed by hacd. A t  tke same time, i t s  ash c m t e n t  mst 
not exceed about 3 per cent, S o  far es the writer knows, only o3e per t icnlar  
peatT-s bog a t  th9 Eollend-Germmy border-has t h i s  combination of a r m e r t i e s .  
Tfie only low-ssh Bmerican and Canadian pes ts  a r e  sphagnums, very l i t t l e  
decoqased, and the ash contezt of the well-decoqosed peats i s  ra re ly  as 
low as even 6 per cent. 

The m t u r e  of the ( secre t )  process is  swh that the 

Since cel lulosic  substances const i tute  one of the major  o r w i c  consti- 
tuents  of  peat ( l j  t o  59 per cent) ,  the f e r m a t a t i x i  of >sat t o  Trodnce 
ethznol i s  a well-hm.a p-ocess. However, i t  is not conpetit ive with ethPnol 
by other processes. 
a therno-chemical lsrocessing of peat t k t  st lnrast i n  the Soviet econoFy i a  
c o z ~ e t i t i v e .  I n  this  process the peat,  only c a r t i a l l y  3 r i e d ,  is axtoc lavd  
with s t e m  t o  destrop irs col loidal  structure.  5 i s  E k e s  i t  possible t o  
dewster t h s  oczt by  f i l t r a t i o n ,  a p o c e s s  which the col loidal  nature of 
untreated pes: renders i q o s s i b l e .  
dehydratian. 
acd others during a subsepent  feraentetion, with the following overall  
yields fron loo0 kg. O? pest  (37 per cent moistur? basis) :  6-8 l i t e r s  of 
ethenol,  3.5-4 kg. of furfural and subst i tuted furfurels, 700-750 kg. of peat 
fue l .  Mo#ii”lcations under development would add 22-24 kg. of o m l i c  acid 
and 5-6 kg. of ace t ic  acid t o  the above proclucts. 
Leningrad v a s  operating a t  an annual peat c o n s w t i o n  r a t e  of 50,W tons. 

On the other hand, the R u s s i ~ n s ~ ~ ~ ~ ~  have developed 

The grocess is  therefore called , a r t i f i c i a l  
Sam9 chemical products a r e  produced duri2g the autoclaving, 

I n  1957, a plant near 

i 
L 

b 



Processes for nsicg peat for the nanufzcture of p r o d ~ c t s  such as 
wallboard, heat insulat ing p l a t e s ,  sound-Troafing materials, and even papers 
and fabrics ,  a r e  well known, and many patents have been issued. U i t h  sui t -  
zble aqditives,  these ? r o d u t s  can be made f i r e  r e s i s t an t .  Before World 
W a r  I1 the Soviets were knownls t o  produce heat insulat ing plates  f r s m  peat 
on a large scale,  but 20 current information is avsllable. 
duct f r o m  peat i s  a flooring mziterizl of ra ther  high quality,  which has 
been manufactured at various times in Sweden, Germany, and Eussfa, and pro- 
bably elsewhere. And i n  the seme category we find peat used as a f i l l e r  . 

i n  linoleum. 

A re lated pro- 

' Wax consti tutes enother of the major o r w i c  consti tuents of peat 
( 5  t o  15 yer cent) ,  am3 the extraction of waxes f r o m  peat bas been widely 
studied (Beillr, Ireland; Dra,gnov, Russia; Spndgren, Finland; B i s i ,  
Quebec). These waxes a r e  comparable t o  the montan raxes from brown coal, 
and can be reTined t o  a product comparable t o  Brazil ian carnauba wax. 
But whether peat wsx is competitive with these prcducts remains t o  be seen. 

A recent (1961) ?eat development that shows great promise i s  based on 
some work by the B r i t i s h  C a s t  Iron Research Association," vho fmnd that 
the subst i tc t ioa of a pa r t i cu la r  t f i e  of  peat for t h e  c c a l  dust or wood 
f l o u r  oroinarily used in i ron foundry  casting s d s  affords an improved 
product requArlr?g l e s s  finishing. Current annual production of %erkoal,' 
t he  t rade name for  peat meeting specifications for  t h i s  purpose, is of the 
order of 12,OOO tons. 

Two minor uses of peat may deserve mention. During World M a r  I, 
sphagnum moss was used on a large scale as a f i l l e r  f o r  surgical  dressings 
and natfresses,  an q p l i c a t i o n  based on i t s  absorptive a d  ant isept ic  
properties.  And tw in Germy, there a r e  a large amber  o f  health spas 
whase major a t t r a c t i o n  consists of taking baths i n  a hot Feat-water slurry. 
Those a r e  elaborate establishmezts, usually with one o r  even several 
physicivls i n  ful l - t ime residence, m e  m i t e r  has no infornation as t o  
how effect ive thsse peat baths a r e  medically, but since the spa i s  usUalU 
located i n  beaut i ful  mountain country far from the cares of evergday l i f e ,  
t h s  overall e f f ec t  i s  uIl3outitedlgt all t o  the good. 

A f i n e l  to9i.c that should at least be mentioned is the use of peat 
lands for growing c rqs - - e i the r  on native bogs, or on r e c k h e d  peat land 
a f t e r  removal of the peat. As en e w l e  of tho f i r s t ,  suitably developed 
muck so i l s  a r e  highly regerded for croFs such as celery and potatoes, while 
reclaimed Bog lends are ideal  f o r  blueberries and cranberries. 
be eqhasized, however, that  the effect ive use of peat lands consti tutes 
One of the  mjor problsns of s o i l s  s c i en t f a t s ,  pa r t i cn le r lg  in the Countries 
of Western Eurooe where arable  lznd is  scarce and precious, and that fu l l  

It should 

r ea l i za t ion  of the p o t e n t i a l i t i e s  of these lmds s t i l l  l i e s  far i n  the future. 



39. 

References 

1. PeRt, i b c p c l e s d i a  Brltannica,  1947 edi t ion,  vol.  17, p. 427, as ci ted 
13 Peat, Iiearinga Before tho Subcomittse on Mines and Mining Of the con- 
rnittee on P u b l i c  bAds, Xouse of Reprssentr.tivee, 81st Congress, on H. 3. 
7230, SerSa1 Bo. 29, U. S. Goverment Pr in t ing  Offfce, Washington, 1950, 

, 

~ ,D. 167. 

. 2. G. I l e z a k o ~ ,  Soviet Peat Besa-arces, Research Program OE the U.S.S.B., 
, 
I Vnited States ,  U. S. Geological Survey Bul le t in  728, Washington, 1922, 

Zd*hrds 3rothers ,  Arm Arbor ,  1953, pp. 20-6. 

3 .  3. K. S q e r  and C. C. Osborn, 2119 Occiwrence and Uses of Peat i n  the 1 

.' FP. 92-2. 

4. 5. T. Sherid=, V. C. Berte,  an& J. A. DeCulo, U. S. Bureau O f  Mines, 
Mlneril Xnduztry Surveys, Mineral Msket  Report, M. 14. S. NO. 33"6, H a g ,  1962. 

5 .  a. G j i a t d s s ~ ~ ~ ,  k k e t  Research Report aegLr4ing Peat Moss Consumation 
k 
.. 

I r. y. i~.s3ocietion of P i n n i h  Peat Industr ies) ,  EelsilJri,  May, 1962. 

' 6 .  E. T. Sheridan ana 2. A. DeCarlo, Peat i n  the United States, u. S. Bureau 
\, of Xines Informtion Circliiar 7799, Washington, 1957, p. 4. 

', i n  t h i  United States  and F i m i s h  %trance i n  t h i s  PIzrket, W v e t e o l l i s u u s l ~ t t o  

7. S. A. Yaksm3, The Peats of Hew Jersey end Their Uti l izat ion,  ?ut A, 

55, 3Jtcers, 1942, yp. 117-8. Has a detai led bi'oliographgr. 

I 
, . i ~ i ~ c l t w z l  merimen: S t s t i  x ,  Eutgers University, Gsoloz ic  Series,  Bul le t in  

8. X. S, h d e r s o n ,  S. F. Blake, and 8. L. Mebrine, Peat a d  Muck i n  mi- 
cu l t , x s ,  E. S. DeFartmPnt ~f &miculture, Circular Eo. 888, Washington, 1951, 

13-1k. &s a detciled bib1ioi;raphy. 

9. ~ 1 3 b o o n  Growing, Ministry of Agriculture, Fisher ies ,  and ~ o o d ,  Her 
flzjssLlp's Stztisnery Office, Landon, 1960. 1 

5 
10. K. F. 3aksr, The U. C. System fa Producing Healthy Container-Grown 

~ s l t 3 ,  ~nniversity of Czlifornia, - icdtural  u e r i n e a t  S t a t i m ,  S d l e t i n  
23, 3erkel.7, 1957. 

11. l e rsonal  comunicstion, K. M. S. Miller,  Sord na M o m ,  Droichead %a, 
' Ireland. 

12. P. X. Rqina, I(. J. Oteva, L. L. He.-, E. L. P i r e t ,  a d  M. Passer, 
Sip-asota  Peat Mission t o  Zlrro>e, Iron Range Besouroes sod Rehabilitation. 
St. Paul ,  1958. 

13. Scott ish Peat, De2artment of Agriculture and Fisheries for Scotland, 
Eer lfajesty's Stationery Office, %dinburgh, 1962, .pa. 47, 50. 



40. 

1 
1 
1 

References Page 2 

I 
i 

H 
14, Data taken from the p e a t ”  c b p t e r s  of the Minerals Yearbookn 
published annually by ths u. S. Bureau of Mines. 

1 15. G. Ka~akov, The Soviet P e t  Industry, &aeger, Xew Pork, 1956, 

16. Serkoal Produced f rom Irish Psat in Hew Plant at kogheda,  Chemical 
Age 86, 126, 22 J-QT 1961. 

I 

Selectec? ddai t ional  References 

I 
C. a. Davis, The Uses of Pea%, U. S. Bureau of Mines, Bul le t in  16, Washington, -q 

1911. 

3. E. Davis, Sr., 5 e  Peat D q o s i t s  of T l o r i d a ,  F l o r i l a  Geological Survey, 
B u l l a t i n  30, Tallahassee, 19.116. 

H. A.  Leverin, Pest  Mosu Dsposits in C m k ,  Mines and Geologg Srsnch, Bureau, 
04 Hines, No, 817, O t t a w a ,  1946 

W. W. Odelf -an& 0. P. Hood, Poss ib i l i t i es  f o r  the Commercial Uti l izat ion of 
Peat, U. S. Bureau of Mines, Bul le t in  253, Washington, 1926. 

Pqers  Present& zt the International Peat S ~ O S ~ U L I I ,  Bord ne Mona; Dublin, 1954 

3. L. P i r e t ,  R. G. White, H. C. Yalther, Jr., and d. 3. bdzdden, Jr., Pel le t -  

” 

i 
,I 

, 
i z ing  &lagnotic Teconite Concentrate, Ind. Tag. &em. 12, 215-6 (1961). 

i 
Iron Baage Be;ources and Behabili+htion, St. Paul, 1949. 4; 

1 

C. 0. Plumner, Resort of Progress in Pezt Develqroent, State of Minnesota, 

G. 9. R i g ,  Peat Resources of Wsshingtm, S t a t e  o f  Washington, De?zrtment Of- 
Conservation, Division of Mines a d  Geology, Sulletin 44, O-ia, 1958. 

E. T. Sheridvl and V. C. Berte, Pezt Producers i n  ths United States  in 1961, 
4 
‘ 

Mineral InduPtry Surveys, U. S.  Bureau o f  Mines, Washington, 1962. c 
E. E. So:er, Peat Eeposits af Minnesota, Minnesota Geological Survey, Bul le t in  ‘ 
16, Mianesiolis, 1916. 1 

4 

A. A. Swinnerton, Peat loss i n  C a n a d a ,  Department of Wines a d  Tectlnical f 

r Surveys, Mines Branch Infomation Circuler 104, Ottawa, 1958, 

The Winning, Harvesting, mil Util izat ion of Peat, Dyartment of Scient i f ic  
snd kd-ustr ia l  Resew&, Fuel Research, His Xajes ty  s Stationery Office, 
London, 19L8. 



MOLECULAR SIEVE PROPERTIES OF ACTIVATED ANTHRACITE 

J. E. Metcalfe, 111, M. Kawahata, and P. L. Walker, Jr. 

Fuel Technology Department 
The Pennsylvania S t a t e  Univers i ty  

Univers i ty  Park, Pennsylvania 

In t roduct ion  

It i s  w e l l  known t h a t  coals e x h i b i t  molecular-s ieve p r o p e r t i e s .  Such 
P r o p e r t i e s  a r e  c h a r a c t e r i z e d  by much h igher  n-C4H10 a d s o r p t i o n  than  ~ s o - C ~ H ~ O  
adsorp t ion  a t  room temperature  (1) and p a r t i c u l a r l y  by a c t i v a t e d  adsorp t ion  
of N2 and A a t  77%. (1, 2, 3, 4, 5). However, t h i s  molecular-s ieve behavior 
i n  t h e  case  of raw c o a l  i s  of l i t t l e  p r a c t i c b l  value,  s i n c e  t h e  d i f f u s i o n  r a t e  
of  the  adsorba te  i n t o  t h e  pore system i s  u s u a l l y  very  slow and t h e  t o t a l  adsorp- 
t i o n  capac i ty  i s  u s u a l l y  very  low. 

There i s  a n  i n c r e a s i n g  i n t e r e s t  and use,  today, of molecular-s ieve m a t e r i a l s  
by the  petroleum i n d u s t r y  f o r  the  s e p a r a t i o n  of s t r a i g h t  from branched-chain 
hydrocarbons. Synthet ic  c r y s t a l l i n e  z e o l i t e s  are being used almost e x c l u s i v e l y  
f o r  t h i s  purpose ( 6 ) .  Charcoals made from t h e  p y r o l y s i s  of  c e r t a i n  polymers 
show promise (7) .  In  t h i s  paper, t h e  p o s s i b i l i t i e s  of producing a s u i t a b l e  
molecular-s ieve mater ia l  by t h e  a c t i v a t i o n  of  a n t h r a c i t e  i s  considered.  

Experimental 

Anthrac i te  Used - A Pennsylvania a n t h r a c i t e ,  which w a s  ground i n  a f l u i d  energy 
m i l l  to  an  average p a r t i c l e  s i z e  of  6~ on a weight b a s i s ,  was used i n  t h i s  
s tudy.  The proximate a n a l y s i s  ( a i r - d r y  b a s i s )  of t h e  a n t h r a c i t e  was: 
moisture, 1.2%; V. M.,  8.2%; f i x e d  C,  79.4%; and ash ,  11.2%. 

D e v o l a t i l i z a t i o n  of t h e  Anthrac i te  - P r i o r  t o  a c t i v a t i o n ,  the  a n t h r a c i t e  was 
d e v o l a t i l i z e d  i n  a N2 atmosphere a t  950°C. f o r  6 hours. No a t tempt  was made 
t o  analyze t h e  product gases  dur ing  d e v o l a t i l i z a t i o n ;  b u t  from previous s t u d i e s  
on k i n e t i c s  of v o l a t i l e  m a t t e r  r e l e a s e  from a n t h r a c i t e ,  most of the  gas  
r e l e a s e d  was H2 (8) .  

Act iva t ion  of Anthrac i te  - Because of the  f i n e  p a r t i c l e  s i z e  of a n t h r a c i t e  
used, a down-flow f i x e d  bed r e a c t o r  w a s  employed. 
2.25 in. i. d., 3.25 in .  0. d., and 2 f t .  long, w a s  made of 10-18 s teel  tubing. 
The a n t h r a c i t e  sample holder ,  which could be i n s e r t e d  i n t o  the  r e a c t o r ,  was 
304 s t a i n l e s s  steel .  Its dimensions were 1.87 h. i. d., 0.065 i n .  w a l l  th ick-  
ness ,  and 1 7  in .  long. The bottom was per fora ted  t o  a l low f o r  t h e  passage of 
t h e  gases.  Gas mixing and prehea ter  s e c t i o n s  were p r e s e n t ,  before  t h e  r e a c t o r .  
The e n t i r e  apparatus  i s  descr ibed  i n  d e t a i l  e lsewhere ( 9 ) .  

The r e a c t o r ,  which was 

For a run, an oven d r i e d  sample o f . a n t h r a c i t e  of known weight was placed 
i n  the sample holder .  
and then r e a c t e d  wi th  a 90% C02-10% CO gas mixture ,  a t  a t o t a l  p ressure  of 
1 atm. Following r e a c t i o n ,  t h e  sample was cooled i n  N and the percentage 
burn-off measured from t h e  loss  i n  sample weight. 
t o  t h e  i n l e t  stream so t h a t  more uniform a c t i v a t i o n  through the bed would 
occur .  
s t r o n g l y  r e t a r d i n g  t h e  g a s i f i c a t i o n  r e a c t i o n  (10). 

The sample was heated t o  a c t i v a t i o n  temperature i n  N2 

Carion monoxide was added 

That i s ,  i t  minimized the  e f f e c t  o f  small  amounts of product  CO 

I 
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Apparatus to Measure P r o p e r t i e s  of An th rac i t e  

Apparent d e n s i t y  - The apparent  d e n s i t y  of t h e  samples was determined by 
Hg displacement.  A Hg porosimeter was used (ll), i n  which the  t o t a l  pressure 
above the Hg was r a i s e d  t o  2,000 p s i .  
openings g r e a t e r  than c a .  1000 A.  Therefore ,  i t  i s  expected t h a t  the voids  
between a n t h r a c i t e  p a r t i c l e s  were completely f i l l e d .  A t  the  same t i m e ,  the  
volume of Hg forced i n t o  pores above 1000 A. w i th in  the a n t h r a c i t e  p a r t i c l e s  
is  thought t o  be n e g l i g i b l e  (12) .  

A t  t h i s  pressure,  Hg is  forced i n t o  

H e l i u m  d e n s i t y  - P r i o r  to  the  measurement, t h e  samples were outgassed a t  
125°C. f o r  8 hours. The He  d e n s i t i e s  were determined by the convent ional  
method i n  which a measured q u a n t i t y  of He was expanded i n t o  a sample ho lde r  
(he ld  a t  30°C.) of known volume con ta in ing  a sample of known weight. A 
30 min. per iod was found adequate  t o  reach equi l ibr ium. 

Adsorption appa ra tus  - A s t a t i c  adso rp t ion  appa ra tus  of the  t y p i c a l  
design (13),  con ta in ing  Hg f l o a t  valves ,  was used. 
were conducted a t  30 -+ 0.1'C. P r i o r  t o  measuring the f r e e  space with H e ,  
the  samples were outgassed a t  250°C. f o r  7 hours. 
d i f f u s i o n  o f  the hydrocarbon adso rba te s  i n t o  t h e  raw and d e v o l a t i l i z e d  
a n t h r a c i t e s ,  24 hours was allowed t o  reach equ i l ib r ium f o r  each adso rp t ion  
poin t .  For the a c t i v a t e d  samples, a one hour e q u i l i b r a t i o n  time was found 
s u f f i c i e n t .  The adso rba te s  used, n-C4Hl0, iso-C4HIo, and neo-CgHlp, w e r e  
obtained from the  Matheson Co. and were of g r e a t e r  than 99.92 pur i ty .  

A l l  adso rp t ion  s t u d i e s  

Because of the  very slow 

Resu l t s  and Discussion 

It was decided t o  a c t i v a t e  a n t h r a c i t e  of micron s i z e  i n  t h i s  s tudy i n  
o r d e r  t o  a t t a i n  the optimum i n  uniform p a r t i c l e  a c t i v a t i o n  and to decrease 
adso rp t ion  e q u i l i b r a t i o n  time t o  a minimum. 
d i s c u s s  the e f f e c t  of p a r t i c l e  s i z e  on non-uniformity of g a s i f i c a t i o n .  
Kawahata and Walker (12) show t h a t  the  s p e c i f i c  pore volume of a c t i v a t e d  
a n t h r a c i t e  i n c r e a s e s  wi th  dec reas ing  p a r t i c l e  s i z e  i n  the  range 16 t o  150 mesh. 

Walker and co-workers (14) 

Unfortunately,  however, t h e  handl ing of 61~. a n t h r a c i t e  du r ing  a c t i v a t i o n  
proved t o  b e  a problem. I n i t i a l l y ,  a c t i v a t i o n  i n  a f l u i d  bed apparatus,  which 
was previously used s u c c e s s f u l l y  t o  r e a c t  100x150 mesh a n t h r a c i t e  (15), was 
attempted. Excessive ca r ry -ove r  of the a n t h r a c i t e  from the  r e a c t o r  as a 
r e s u l t  of continuous agglomerat ion and de-agglomeration made the  use of 
f l u i d i z a t i o n  i m p r a c t i c a l .  
which was used f o r  a c t i v a t i o n ,  i t  became ev iden t  t h a t  channel ing of the  gas 
was a problem. 
bed. That i s ,  from t h e  t o t a l  per  c e n t  burn-off and the change i n  apparent 
d e n s i t y  of a n t h r a c i t e  during a run, the  f r a c t i o n  of a c t i v a t i o n  which took 
p l ace  within the  a n t h r a c i t e  p a r t i c l e  (as  opposed t o  removing e x t e r n a l  volume 
and thereby dec reas ing  p a r t i c l e  s i z e )  could be est imated.  
a c t i v a t i o n  runs made, the  percentage o f  i n t e r n a l  a c t i v a t i o n  va r i ed  widely, 
up t o  loo%, with no t r e n d  be ing  found wi th  changing a c t i v a t i o n  temperature 
between 750 and 840°C. Resu l t s  f o r  on ly  the  sample with 100% i n t e r n a l  a c t i v a -  
t i o n  a r e  given here ,  t o  show under the  b e s t  cond i t ions  what type of molecular- 
s i e v e  p r o p e r t i e s  a c t i v a t e d  a n t h r a c i t e  can have. 

In the  c a s e  of the  down-flow f i x e d  bed r e a c t o r  

This a p p a r e n t l y  r e s u l t e d  i n  non-uniform r e a c t i o n  through the  

For the  seven 

The a c t i v a t e d  sample t o  be considered here ,  was r eac t ed  a t  840°C. f o r  
23.5 hours t o  34.8% burn-off.  Figure 1. shows t h e  isotherms for the adso rp t ion  

i 
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of hydrocarbons on t h i s  sample. 
t h e  Langmuir equation, from which monolayer adso rp t ion  volumes can be es t imated .  
These volumes f o r  the a c t i v a t e d  and raw a n t h r a c i t e  are given i n  Table I. 
l a y e r  volumes f o r  t h e  d e v o l a t i l i z e d  a n t h r a c i t e  a r e  no t  given, s i n c e  they  were 
very mall and could  not  b e  a c c u r a t e l y  measured. adso rp t ion  a t  a 
relative pressure  of 0.3, the  volume adsorbed on t ~ ~ r d ~ ~ % ? l i z e d  a n t h r a c i t e  
was roughly 10% of t h a t  adsorbed on the raw a n t h r a c i t e .  
s i g n i f i c a n t  c l o s u r e  and c o n t r a c t i o n  of pores upon hea t ing  of t h e  raw a n t h r a c i t e  
t o  950°C. Such a r e s u l t  has  been previous ly  r epor t ed  upon t h e  h e a t  treatment 
of  bftuminous cha r s  t o  h ighe r  temperatures (16). 

Tha isotherms can be c l o s e l y  approximated by 

Mono- 

This  i n d i c a t e s  

From Table I, i t  fs seen t h a t  t he  a rea  a v a i l a b l e  to the  hydrocarbons i s  
sha rp ly  increased  upon a c t i v a t i o n ,  as expected. 
f a c t  t h a t  the  adsorp t ion  r a t e  is markedly increased  and t h a t  wide d i f f e r e n c e s  
i n  the  pore area a v a i l a b l e  t o  the  hydrocarbons s t i l l  e x i s t .  

Of more importance, is the 

Table I1 summarizes t h e  results f o r  t he  apparent  and H e  d e n s i t i e s  and 
t o t a l  open pore volume on a m.m.f.b. 
t h e  apparent  and He d e n s i t y  of the mineral  m a t t e r  i n  a l l  samples was taken a s  
2.7 g./cc. (17). The t o t a l  open pore volume i s  cons idered  t o  be the  volume i n  
pores  < 1000 A. and > 2.5 A. i n  diameter.  The lower l i m i t  i s  set by t h e  s i z e  
of pore into which He can  d i f f u s e  a t  a s i g n i f i c a n t  r a t e  a t  30°C. (18). 

To p lace  the  d e n s i t y  r e s u l t s  on a m.m.f.b., 

On the b a s i s  of these  results, the  n a t u r e  o f  t h e  molecular  pore system i n  
the  a n t h r a c i t e s  can  be c l a r i f i e d  fu r the r .  From Hg poros imeter  da t a  on an th ra -  
c i te  a c t i v a t e d  t o  38% bum-off ,  i t  has been shown t h a t  about 949, of  t h e  t o t a l  
open pore volume is  loca ted  i n  pores < 28 A. i n  d iameter  (12) .  
t he  Kelvin equation, pores of up t o  ca. t h i s  d iameter  w i l l  be f i l l e d  by the 
hydrocarbons s tud ied  a t  a relative p res su re  of 0.3. Therefore,  t he  assumption 
is made that the volumes of hydrocarbon adsorbed a t  a r e l a t i v e  p re s su re  of 
0.3 are loca ted  i n  pores  between a lower l i m i t  (below which the  hydrocarbon 
will n o t  e n t e r )  and 1000 A. Then, by s u b t r a c t i n g  these  pore volumes from the 
total  open pore volume, d i s t r i b u t i o n  data i n  the molecular pore  s i z e  range 
can be determined. I n  agreement wi th  Breck and co-workers (19) and o the r s ,  
the  minimum e f f e c t i v e  pore s i z e  i n t o  which a hydrocarbon can p e n e t r a t e  i s  
t aken  as the  diameter of the  c i rcumscr ibed  circle of minimum c ross - sec t iona l  
a r e a  of  t he  hydrocarbon molecule. These minimum dimensions a r e  4.9, 5.6, and 
6.5  A. f o r  n-C4HloY iso-C4Hl0, and neo-C5H12, r e spec t ive ly .  

According to  

These results are summarized g r a p h i c a l l y  i n  F igure  2. It i s  seen  t h a t  
even though the  t o t a l  open pore volume i s  increased  on d e v o l a t i l i z a t i o n  
(presumably by v o l a t i l e  m a t t e r  r e l e a s e  unblocking pores) , the  amount of pore 
volume a v a i l a b l e  t o  n-C4H10 and l a r g e r  hydrocarbons sha rp ly  decreases .  Com- 
par ing  the  volume d i s t r i b u t i o n s  f o r  the  raw wi th  the  a c t i v a t e d  a n t h r a c i t e ,  
i t  is  seen  t h a t  i n  s p i t e  of a l a r g e  inc rease  i n  t o t a l  pore volume upon 
a c t i v a t i o n ,  the  pore volume between 2.5 and 4.9 A.  has decreased. 
sugges t  t h a t  t he re  is l i t t l e  pore volume below 4.9 A. t o  be opened up by 
a d d i t i o n a l  burn-off of  t h i s  a n t h r a c i t e .  It is t o  b e  emphasized t h a t  t he  volume 
repor t ed  below a minimum e f f e c t i v e  pore s i z e  would be expec ted  t o  inc rease  wi th  
inc reas ing  adso rp t ion  temperature, because of a c t i v a t e d  d i f f u s i o n  and an  in-  
c r e a s i n g  magnitude of  v i b r a t i o n  of the  atoms around a pore opening. 

This would 

It i s  of  i n t e r e s t  t o  compare the  a c t i v a t e d  a n t h r a c i t e  w i th  Type A 
s y n t h e t i c  z e o l i t e  p e l l e t s  f o r  adso rp t ion  of n-C4H10 and iso-C4Hl0 (19). 
r o w  temperature, the 5A z e o l i t e  has  a c a p a c i t y  of ca.  50 cc .  n-C4H1 /g. 
(S.T.P.) and 2 cc. iso-C4Hlo/g. 

A t  

It is thought t h a t  t he  adso rp t ion  09 

I 

I 
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4.4. 
iso-C6Hlo p r imar i ly  occurs  on the  c l a y  b inder  holding the  small  z e o l i t e  
p a r t i c l e s  t oge the r  in t h e  p e l l e t .  
In con t ra s t ,  t h e  a c t i v a t e d  a n t h r a c i t e  has a c a p a c i t y  of ca. 110 cc. n-C4Hlo/g. 
(m.m.c.b.) and 40 cc. iso-CqHlO/g. 
P e l l e t i z i n g  the  a n t h r a c i t e  f o r  use i n  f ixed  bed ope ra t ions  would be expected 
t o  lower both t h e  adso rp t ion  c a p a c i t i e s  and sepa ra t ion  r a t i o .  It is  obvious, 
then, t h a t  t h i s  a c t i v a t e d  a n t h r a c i t e  sample does no t  show t he  sharp molecular  
s i e v e  e f f e c t  demonstrated by the  z e o l i t e .  
range of .molecular  pore s i z e s  is present  i n  the  raw and a c t i v a t e d  an th rac i t e .  
Nevertheless, because o f  the  r e l a t i v e l y  low c o s t  of a c t i v a t e d  a n t h r a c i t e ,  it 
may .have poss ib l e  a p p l i c a t i o n s  f o r  rough sepa ra t ions  i n  conjunct ion  w i t h  
z e o l i t e s .  

The r a t i o  of gases  adsorbed i s  ca. 23. 

The r a t i o  of gases  adsorbed is ca. 2.8. 

This  i s  t o  be expected, s ince  a 
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Table I 

Monolayer Volumes f o r  D i f f e r e n t  Hydrocarbons 

on Raw and Act ivated An th rac i t e  (m.m. f .  b) 

V-, cc./g.  (S.T.P.) 

Raw 

Activated 

n-C H iso-C 4 H 10 neo-C5H12 

12.6 8.6 2.3 

134 54.5 15.5 

Table I1 

Densi t ies  and Total  Open Pore Volume i n  Raw, 
Devo la t i l i zed ,  and Act ivated An th rac i t e  (m.m.f .b.) 

App. Density H e  Density Total  Open Pore 
4. I C C .  g. I C C .  Volume c c . / g .  

Raw 1.245 1.438 0.108 

Devola t i l i z e d  1. 5l0 2.010 0. 165 

Ac t iva t ed  0.95, 2.156 0.581 
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Figure 2 
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Factors Affecting the Upgrading of I rcn Oxide Derived From F u  Ash 

H. E. Russeil a& E. A .  Zawacizki 

3itmimw Coal Research, Inc. 
350 Hochberg Road 

Mcnrceville, Pennsylvania 

I n t r d u c t  ion 

The iron cxlde present i n  f l y  ash can be removed by magnetic segaration nietixds. 
Tke E a t e r l a  s o  obtained has possible useful applications as a heaty Eedia agent i 2  
c o d  preparztion ani as a raw material for  the s t e e l  industry. 
various spc i f i ca t i cns  of the inaterials now used in these processes, the f l y  ash- 
<?rived i ron  oxide m u s t  be fur ther  upgraded. This paper describes SoEe of the pra- 
blem encountered in  upgradiAng the i ron oxide material. 

In order t o  meet the  

A .  Separation of Iron Oxide f rorn Fly Ash 

iron oxide can be removed froin f l y  ash bjr e i the r  iret o r  dry m 3 g n e t i C  mtccd.;. 
Tmicz l  magnetic separations systems which could be applied t o  this process are ShOWn 
sckeaatically i n  Figures 1 and 2. 

The w e t  process (Figure 1) involves pumping a f i y  ash slurry in to  a uni t  con- 
The magnetic iron oxide and associated materid ere col- ta ining a magnetic brum. 

lected Prom the drum, and the collected material is passed through a similar unit fo r  
fur ther  refining. The non-magnetic material is transported t o  a disposal  area. 

The dry process a lso GXS a ro ta t ing  magnetic drum. The i n i t i a l  separation pro- 
duces middlings and t a i l i ngs  f ract ions,  which are  discarded, and a crude i ron  Oxide 
fract ion which must be fur ther  refined b j r  passing tmolgh  another magnetic unit. 

The iron oxide so obtained is similar i n  physical and chemical character is t ics  
(Table 1) t o  commercially available -@petite ami therefore can be used, in  some cases, 
as a heavy media agent without fur ther  processing. 

3 .  Processing cf Iron Oxice f o r  Use as a Heavy Media Agent 

The important ‘factor in the  use of f l y  ash-derived i ron oxi&e as a heawj m d i a  
agent Ls the  mgnetic content o f  t h i s  material. 
iigh as possible i n  order t o  have high recovery rates a t  th preparation plant, 
thoreby keeping the consumption o f  iron oxide per ton of coal  a t  a low rate. 

CzrrrrerciaU-y available magnetite contains 94 percent magnetic material. 

The t o t a l  mgnet ics  should be as 

3amoles of iron oxide from f l y  ash can be produced containing 90 percent mgnet ics ,  
%Jever t h i s  requbes f - x t s e r  processing of the i ron oxide i n  another magnetic un i t ,  
cr al terna.ely by crushing the i ron 0xid.e t o  l ibera te  the magnetic material and sub- 
STquent magnetic separation t o  col lect  the magnetic fraction. 

sized material. 
T h i s  h t t e r  process serves another purpose, namly, t h a t  of producing a f ine r  

Heavy media washers of different  designs require magnetic na t e r i a l  

F 
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of different  size consists fo r  e f f ic ien t  operation. Certain washers can use the f l y  
ash-derived iron a i d e  as it is produced from the f l y  ash; others require a finer 
material. However, fur ther  grinding reduces the t o t a l  magnetics content in the i ron 
oxide. This occurs because non-magnetic materials are present i n  the iron oxide and 
are l iberated by the grinding process. TIE reduction in t o t a l  magnetics can be as 
much as several percent. Detailed comparison tests are yet t o  be made on this phase 
of t h e  project . 
C. Upmading Iron Oxide fo r  Use 86 a Raw Material i n  the S tee l  Industry 

The object of this phase of the program was t o  refine t h e  iron oxide t o  obtain 

Considerable a t tent ion was therefore focused on the analysis 
a f rac t ion  baving the highest possible iron content w h i l e  maintaining a low s i l i c a  
and aluminum content. 
of the i ron  oxide material. Vethods of analysis were developed t o  determine iron, 
s i l i con  and aluminum. 

Several different  ref ining procedures were attempted. 

1. The iron oxide removed from the f l y  ash w a s  pulverized un t i l  9 percent 
passed a 325 mesh screen. The crushed materlal w a s  then washed with water 
several  times; after each washing the iron oxide w a s  allowed t o  settle and the 
l i gh te r  material removed by decantation. 
content nor did it decrease the s i l i c a  content, however the alLlminum content was 
reduced f r o m  6.0 percent t o  3.7 percent. 

This methcd did not increase the iron 

2 .  A second attempt a t  purification w a s  attempted using the folkwing 
method. The iron oxide w a s  pulverized t o  98 percent through a 325 mesh screen. 
The  magnetic iron w a s  removed by a dry magnetic method and then processed by 
spec i f ic  gravity separations at 2.95 specif ic  gravity. 
improve the i ron  or s i l ica  contents, however it decreased the aluminum t o  0.3 
percent. 

This method a l so  did not 

The resul ts  of these experinrents showed that the i ron and s i l i c a  are i n t i -  
mately combined i n  such a form that grinding end washing w i l l  not mske possible 
a separation. 
an i ron-to-s i l ica  r a t i o  of 4.6 t o  1. 

This combination is  described as "si l icated iron oxide" and fias 

3. A third attempt at reducing the s i l i c a  content was attempted. 
method involved crushing the original, unprocessed fly ash t o  98 percent tkough 
a 325 mesh.screen, however w&n the resul tant  material did not X i e l d  any Fron 
oxide when magnetic separations were attempted. 
iron oxide apparently had disappeared. 

T h i s  

The magnetic properties of the 

These resu l t s  led  t o  a closer investigations of the phys ica l  and chemical 
character is t ics  of the fly ash. 

B 1 
No standard wet ana ly t ica l  m e t h o d  for iron i n  f l y  ash was available f o r  use in  

t h i s  work. 
i ron was extracted from t h e  f l y  ash by hydrochloric acid. 
microscopic examination of, the residues, it was suspected t h a t  all of tile i r o n  was 
not extracted by hydrochloric acid. 
attempted and gave higher r e su l t s  than the hydrochloric acid extraction (Table 2). 
However, it w a s  again suspected tha t  some of the iron had not been dissolved. Hydro- 
f luor ic  acid extraction of the sanples vas then attempted and gave results which were 
consistently reproducible. 
results. 

In i t i a l ly ,  the ASTM methods recommended fo r  cement were used in  which the 
From the color of, and 

Sodium carbonate and caustic fusions we= 

The hydrofluoric acid extraction method gave t h e  highest 

I 

A 
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3. Microscopic Examination $9 * 

It was believed that the problem with the analyses and processing Of the fly 
asn-derived i ron oxide were associated with the s i l i ca t ed  iron inaterial. 
examination slrppoeed t h i s  bel ief .  

fiCrOscOPic 

Pollen amounts of (a) fly ash, ( b )  the residue from the magnetic separation pro-. 
cess aad ( c )  the magnetic iron oxide were examined and photographed under a micro- 
scope a t  200 and 400 magnification using transmitted l igh t .  

F.ly ash is formed a t  high temperatures during t h e  combustion of pulverized coal. 
A t  these high temperatures, the  ash forming constituents of tne coal  roelt,,fuse, and 
form spherical  masses, in most cases (Figure 3 ) .  

The spherical pexticles containing iron oxide are essent ia l ly  m-tic (Figure 
4) and can Se removed by cagnetic processing. 

Residues from the magnetic separation are essentialJy devoid of spherical iron 
bearing par t ic les  (Figure 5 ) ;  however, a fair amount of iron oxide remains as ragged, 
irregularly-shaped par t ic les ,  some of which have a ce l lu la r  appearance (Fib- 6 ) .  
T h i s  material is believed t o  be thermally decomposed pyrite which had originally 
replaced fusain i n  the coal. 
process btrt did not fuse in to  the spherical  mass which is typ ica l  of f l y  ash par t i -  
c les .  

This pyri te  was thermally decomposed by the combustion 

T h i s  material may not be magnetic. 

Examination of the magnetically separated iron oxide shows a great abundance of 
S o m  of t h i s  material is 

This s i l i ca t ed  material appears t o  
spkerical  par t ic les ,  a l l  of which are not pure f ion  oxide. 
the pevious ly  mentioned "s i l icated iron oxide". 
ek is t  i n  two forms, one i n  which the magnetic iron oxide occurs as discrete  par t ic les  
Wedded in a spherical mass of sllica (Figure 7), the other as a so l id  core of 
magnetic iron oxide surrounded by a siliceoub mass (Figure 8). 

While this material can be readily separated from the f l y  ash by ma,-tic 
e t h c d s ,  the associated s i l iceous material is also removed. 
the uajor problem encountered i n  upgrading the i ron oxide. 

T h i s  unfortunately is 

Future work on this project w i l l  be concerned w i t h  developnient of improved 
crushing and separetion methcds f o r  upgrading the iron oxide t o  meet specifications 
f o r  new, as well as existing, process applications. 

Upgrading iron oxide derived from fly ash is  complicated by the physical s t a t e  
of the i ron as it occurs i n  t h e  f l y  ash. 
presents problem i n  analysis. O r d i n a r y  crushing of the material  t o  release t k e  iron 
embedded i n  the s i l i c a  has not been found t o  be an effective means t o  upgrade the 
iron oxide. T ' e  s i l i c a  content remains unchanged a d  t k  magnetic content decreases. 
Fu r t r i r  experinaental work is necessary t o  achieve the desired degree of upgrading. 

The "s i l icated" state of the iron a l s o  
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Screen Analysis - Percent Retained 
Screen Size Iron Oxide Ccormf3rcial Magne t i t e  Grade 2 

+ 50 mesh 
50 x 70 mesh 
70 x 100 mesh 
100 x 140 nesh 
140 x 2 0  mesh 
200 x 325 roesh - 325 mesh 

0.15 
0.25 
0.70 

26. a0 

0.35 
6-35 

62.40 

3 -8 
4.4 
4.4 
6.2 
7 *6 

13 *5  
64 .5  

Approxiinate Chemicel Analysis, Percent by Weight 
Iron Oxide Zommercial Magnetite 

i r o n  
Sil icon 
Manganese 
Aluminum 
Calciun 
Magnesium 
Moistwe 

57 
6 
0.8 
3 
0.2 
0.04 
0.10 

62 
2 
0.2 
4 I 0.50 
1.50 ! 
0.50 

I 

i 

Physical Properties ,.I 

Specific gravity 3.B 
945 I i-tics 9 6  

4 .a0 

TABLE 2. COMPARISON OF FESWS OF IRON ANALYSES 
USllJG VAFGOUS METHODS 

J 

Sodium Caustic Fusion Hy3rocUoric Yy'drof luoric 
Sample Carbonate Fusion * I n i y  Secindary Acid Extraction Acid Extraction 4 

46 
1 5 09 8 *7 L 6.0 

2 14.9 11.0 14.9 3 02 

3 4.5 5 -7 2.7 

4 4.6 8.1 - 7 . 2  

5 36 .a 36 -7 4.5 41.3 

* Results reported by another laboratory. 

11.6 
1 

8.0 1 
18.4 
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Figure 1. W e t  b g n e t i c  Sepfu!azion Process for Recovering Iron Oxide From Fly  Ash 

Pressrat ion 
Unit 

Bituminous Coal Research, Inc.  2503G2 

Fig- 2. Dry Magnetic Separa t ion  Process for Recovering Iron Oxide F r o m  Fly  Ash 
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F i c i  3. 2 9 P l  

c o a l  (2oQx) 

Fiy Ash frm ivkciisnicel Dust Collector  of 29 
OFzrating Power S ta t ion  Burning Pulverized 

Figure 4. 25m2 
Iron Oxide Magnetically Separated from 

Fly Ash (2OOx) 
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F ~ U P Z  5. 250@3 
Non-Magnetic Residue from Magnetic Separation 

of Fly Ash (200~) 

Figure 6. . 2508P4 
Unfused Iron Oxide (top center) i n  Non-Magnetic 

Frzction o'f Fly A s h  (40Gx). 
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Figure 7 -  25-5 
Discrete Iron Particles Enclosed in Siliceous Mass 

Found in Magnetic Fraction of F l y  Ash (2-1 

F i g u r e  0. 25C8p6 
Iron Oxide Sphere Enclosed by Siliceous Mass-Fouod 

in  *tic Fraction of. Fly Ash (4ochr) 
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COAL-IN-TAR DISPERSIONS AS HIGHWAY CONSTRUCTION MATERIALS 

Edmund 0. Rhodes 
Pittsburgh,. Pennsylvania 

Introduction 

When bituminous coal is digested in a mixture of coal tar pitch and high- 
boiling t a r  oil, at temperatures'in the approximate range of 300-320 C., little o r  
no chemical decomposition of the coal occurs and the coal-modified pitch, which 
appears to be a colloidal dispersion of the coal as coal in'the pitch-oil mixture, has  
temperature  susceptibility characteristics better than those of the original pitch, i. e., 
it softens less at elevated temperatures and hardens less as temperatures  a r e  de- 
creased. 

Fo r  about thirty years  coal-modified pitches have been used very success- 
fully as hot-applied enamels for  the protection against corrosion of s teel  structures,  
marine piling and underground pipe lines for  the transmission of oil, gas and water. 
Because of their superior temperature susceptibilities they are better for  such pur- 
pcses than coal tar enamels made by usual procedures. 

Less  successful have been various attempts to use coal-in-tar dispersions 
for  other purposes for  which it might be expected - because of their  improved 
temperature susceptibilities - that they would be better than coal  tar o r  asphaltic 
mater ia ls  ordinarily used fo r  such purposes. 
nection are some major efforts that have been made in Great Britain and, most 
recently, in South Africa and the United S ta tes  to employ coal-modified tars as 
binders for bituminous highway pavements. 

Of particular interest  in this con- 

Bituminous Road Binders - Tar  vs. Asphalt 

Binders used in pavements of the bituminous concrete type are made 
either f rom petroleum, by the vacuum or  s team reduction of petroleum residuals, or 
f rom coal tar by straight distillation- to the required consistency o r  the fluxing of 
coal tar pitch with t a r  oils. In the United States unfilled hot-mix binders of petro- 
leum origin are called asphalts, paving asphalts or  asphalt cements 
Great Britain and various other countries they usually are re fer red  to as bitumens, 
asphaltic bitumens o r  petroleum bitumens to distinguish them f rom natural o r  syn- 
thetic mixtures of bitumens and f i l lers  that a r e  called asphalts. 
discussions unfilled asphaltic binders w i l l  be  designated as paving asphalts or asphalt 
cements. Coal tar binders, made either by straight distillation or  the fluxing of pitch 
with t a r  oils, w i l l  be designated as t a r  cements. 

whereas in 

In the following 

general, asphalt cements have bet ter  temperature susceptibilities and are 
less  volatile a t  mixing, paving and atmospheric temperatures than t a r  cements. 
the other hand, ta r  cements have better adhesion t o  'most road aggregates on 
prolonged contact with water; are more  resis tant  to chemical alteration by water; 
are dissolved or softened less  by petroleum lubricating oils, j e t  fuels and gasoline; 
produce more permanently skid resistant pavements and a re  not as susceptible to 

On 



56. age hardening within pavements that are densely graded o r  tightly sealed so that 
oxidation o r  evaporation of the binder is minimized. 

Experience, both i n  the United States and abroad, has  shown that excellent 
pavements of the bituminous concrete type can be constructed either with asphalt 
cements o r  with tar  cements. However, different mixing and paving techniques a r e  
required. For example higher aggregate drying and mixing temperatures a r e  needed 
when asphalt cements a r e  used to insure substantially complete removal of all 
moisture f rom the aggregate and to fluidize the asphalt cement sufficiently to insure 
rapid and thorough coating of all aggregate particles. 
used for tar cements to avoid excessive volatilization of tar oils with consequent hard- 
ening of the binder. W i t h  tar cements it is possible to use lower aggregate and mixing 
temperatures because they will toleyate considerably more moisture in the aggregate 
than asphalt cements. Also because tar cements a r e  sufficiently fluid at the lower 
temperatures to insure satisfact'ory mixing and paving operations. 

Lower temperatures should be 

Another important difference in  the preferred construction techniques for 
pavements containing tar o r  asphalt cements has t o  do with aggregate gradations. 
For best results, tar cements should be used with densely graded aggregates so 
that  the finished pavements wil l  be substantially voidless (3-5$ residual a i r  
voids). Should a s l ight  excess of  tar binder in the mixture cause flushing of 
binder t o  the surface, the  thin fi lm of tar cement, on hardening, w i l l  be worn off 
by t r a f f i c .  This wil l  expose the angular particles of aggregate t o  produce a skid- 
resistant pavement surface. Because of the density of the compacted mixture, evapora- 
t ion of o i l s  from thin t a r  films below the pavement surface is prevented and l i t t l e  
or no alteration of the tar binder occurs. On the other hand, a somewhat mre  open 
aggregate gradation may be used with asphalt binders. 
are used so t h a t  flushing occurs, t h i s  must be held t o  a minimum t o  avoid the 
development of slippery surfaces when wet. 

I f  sufficiently dense mixes 

Methods F o r  Improving T a r  and Asphalt Binders 

Various methods have been used o r  t r ied with a view to  improving both tar 
and asphalt binders. In the case of asphalt cements such efforts have been directed 
mainly toward better adhesion to aggregates in the presence of water by the admix- 
tu re  of certain chemicals o r  tar oils, greater skid resistance by the addition of coal 
tar pitch and less  "age hardening" through the use of better-manufacturing proced- 
ures including the selection of r a w  materials. 

Efforts to improve tar cements have been directed almost entirely toward 
the improvement of their  temperature susceptibilities. The method most commonly 
employed, especially i n  Great Britain and Germany, has been the addition of paving 
asphalts to tar cements. 
about 1 5 - 2 5  per cent but ae  high as 40 per cent has been used with some 
temperature coal tars such as a r e  produced by vertical  retorts. 
some improvement in binding capacity as well as temperature susceptibility is ex- 
pected. A s  yet, this method has not been used extensively in the United States, 
largely because the asphalt cements produced in this country vary widely with respect 
to  compatibility when mixed with t a r  cements derived f rom high-temperature, coke 
oven coal tars.  
paving plants such mixtures may o r  may not segregate o r  sludge depending upon the 
type of petroleum f rom which the asphalt w a s  derived and the method of reduction 
used in its manufacture. 

Usually the asphalt content of such mixtures has been 
mid- 

In the latter case 

When stored and used at the high temperatures employed at hot-mix 



57. The addition of small amounts of synthetic rubber to  coal t a r  cements is 
another method that has been used to some extent for  improving their temperature 
susceptibilities. 
surfaces have been damaged excessively by je t  fuel spillage. Aprons o r  runways 
constructed wi th  rubberized tars, in addition t o  being jet-fuel resistant, deform l e s s  
at high temperatures and a r e  less likely to c rack  at low temperatures under heavy 
loads and impacts. However, the addition of rubber to the tar does not reduce its 
volatility and the rubberized tar binder must be stored and used a t  the lower temper- 
atures recommended for  usual t a r  cements. 

They have been used most  extensively at airports  where asphalt 

Another possible method for  improving tar cements is the one that wi l l  be 
reviewed in  this paper, namely, coal-in-tar dispersion. 

The Dispersion of Coal a s  CoalIn T a r s  and Oils 

The fact that coal a s  coal, a t  temperatures below those a t  which chemical 
decomposition of the coal begins, can be  dissolved o r  colloidally dispersed in cyclic 
hydrocarbons such as coal tar ,  water gas  and oil  gas tars, o r  chemicals, oils and 
pitches derived therefrom w a s  recognized, almost forty yea r s  ago, by HaroldJ. Rose 
and William H. Hill. From investigations started about 1924 in the Mellon Institute 
laboratories of the Koppers Company, Pittsburgh, Pennsylvania, they found that at 
digestion temperatures preferably in the approximate range of 300 - 320 C, bitumin- 
ous coal appears to dissolve in tars and tar oils, or their  combinations, 
chemical decomposition of the coal. 
depending upon the kinds and proportions of ingredients used, may have temperature 
susceptibilities substantially better thanthose of pitches made f rom coal tar,  water 
gas t a r  or  oil g a s  tar by usual distillation procedures. Presumabiy, as the diges- 
tion product cools to atmospheric temperature, the coal, which had dissolved in the 
digestion medium at the digestion temperature, comes out of solution to fo rm a gel- 
like, colloidal dispersion of the coal in which, except for  insoluble mineral  ash, no 
particles of the original lump o r  pulverized coal are visible with a microscope at 
magnifications of 400 - 500. 

without 
The end product i s  a pitch-like mater ia l  which, 

The laboratory investigations of Rose and Hill resulted in the issuance of 
several  United States and foreign patents to them with assignment to The Koppers 
Company. Their f i r s t  patent1 of this kind w a s  issued in Great Britain in 1928. The 
laboratory studies were followed by extensive pilot plant and field investigations in 
which the Research Division and the T a r  Products Division of The Koppers Company 
collaborated. Many possible outlets for coal-in-tar dispersions were investigated 
but most successful was the development by Koppers of superior enamels and coat- 
ings for  s teel  structures, marine piling and transmission pipe lines for  oil, gas and 
water. 
pipe lines was established by service tests conducted jointly by The American Petro- 
leum Institute , The American Gas Association and The U. S. Bureau of Standards. 
In those tests, which were s tar ted in 1930 and concluded ten years later, pipe nip- 
ples coated with the various t e s t  materials were buried at fourteen locations in the 
United States and specimens were inspected at  yearly intervals. 
digestion-product, designated as Komac, behaved so favorably that i ts  commercial  
production was started by the Wai l e s ,  Dove, Hermiston Corporation, maker  of 
Bitumastic enamels and coatings, following the disclosure of manufacturing proce- 
dures to them by Koppers. 
tried, l e s s  successfully, by the Koppers Company but they did not include highway 
construction or  maintenance materials, except for  a few field t e s t s  that w e r e  made 

. 

Their superiority over other coatings used or  proposed for  use on buried 

2 

Koppers' coal- 

Other commercial  uses for  coal digestion products were 

t 



58. with coal digestion pitches as br ick  and concrete pavement joint fillers. The first 
efforts to use coal-in-tar dispersions a s  road construction materials were made in 
Great Britain. 

British Experiments with Coal-modified T a r  Road Binders 

In 1929 a Brit ish patent3 w a s  issued to the South Metropolitan Gas Company, 
London, (Pickard and Stanier) on a process f o r  making a tar product w i t h  improved 
t'temperature-mobilitylt characterist ics.  
issued to  Rose and Hill (Koppers) in 1928 the process consisted in dispersing coal 
in tar at about 300 C but the South Metropolitan G a s  Co. patent w a s  directed speci- 
fically toward making an improved road material  o r  a substitute f o r  mixtures of 
t a r  and asphaltic bitumen (paving asphalt) fo r  road-making and like purposes by 
dispersing not more  than fifteen percent of bituminous coal in coal tar. Tar  suit- 
able f o r  the purpose w a s  made either by partial  distillation of crude coal tar to 
drive off lighter oils which would be lost during the digestion process at  approxima- 
tely 300 C or by distillation of the crude coal tar to pitch and subsequent adjustment 
of the latter by the addition of tar oils. 

A s  in the case of the Brit ish patent 

. A second Brit ish patent4 was issued to South Metropolitan Gas Company 
(Herbert  Pickard) in 1930. 
coal dispersion type described in the preceding patent to produce a road surfacing 
mixture of the hot-mix, hot-lay, asphaltic concrete type. 

It claimed the mixing with stone of a ta r  binder of the 

Detailed information gained from their  investigations w a s  furnished by 
Evans and Pickard in a treat ise5 published by South Metropolitan Gas Company in 
1931. It contained a l a r g e  amount of valuable information about (1) The 
Relationship Between Temperature and Consistency of Coal Ta r  (2) The Prepara- 
tionOf Asphaltic-Like Substances F r o m  Coal Tar and (3) The Consistency of Pitch- 
Like Substances. 

According to personal communications recently received by the author, 
additional experiments involving the use of coal-in-tar dispersions were made in 
Grea t  Britain in 1945 by the South Eas te rn  G a s  Board (formerly known as South 
Metropolitan Gas Company). A s  in the ear l ier  experiments, the purpose of the 
tests was to substitute coal-in-tar dispersions for tar-asphalt blends for dense tar 
surfacings. Asphalt suitable for  the purpose was expensive and in short supply at  
that time, but shortly thereafter it became more  plentiful again and work on the 
coal dispersion binders w a s  discontinued. 

Aiso, according to personal communications, the Coal Ta r  Research 
Association of Great Britain made additional tests in 1956 that were directed toward 
the improvement of tar binders for  use in dense surfacings on airfields. Coal was 
digested in a mixture of coal t a r  pitch and topped coke oven ta r  heavy oil. Labora- 
tory tes ts  were said to be encouraging but, when small tes t  sections of pavement 
were  laid, fuming was reported to  be somewhat excessive and large scale service 
tes ts  w e r e  not attempted. 

Coal-Modified T a r  Binder Experiments in South Africa 

In a paper6 published in October 1959, Dr. H. Karius and Dr. E. J. Dickinson 
reported the results of investigations which they had conducted in Pretoria,  
Africa as a part of the program of research  of the Bituminous Binder Researchunit, 
National Institute for Road Research. 
of decreasing the temperature susceptibility of viscosity and the brittleness at low 

South 

The purpose of the work w a s  "to find means 



59. temperatures of road tars derived from steel  works coke-oven crudes at least to 
the level of that of straight-run petroleum bitumens". 
dispersions, their observations may be summarized as follows: 

1) Road binders with temperature susceptibilities of viscosity and brittleness at 
low temperatures similar to those of bitumen (asphalt) resulted f rom the digestion 
of certain types of South African coal in tar especially in concentrations of 10 - 15 
percent by weight. 

than the sum of their separate effects. With coal present, the amount of synthetic 
rubber needed to equal the flow characterist ics of asphalt is minimized or,  by dis- 
persing both coal and synthetic rubber in t a r  o r  pitch, flow characterist ics superior 
tqithose of asphalt a r e  obtainable. However, when coal is present it is necessary to 
add a substant-ial amount of high-boiling coal t a r  oil to reduce the viscosity of the 
dispersion when it 

3) Either the GR-S (styrene-butadiene copolymer ) or the Buna N (butadiene- 
acrylonitrile) type of synthetic rubber may be used in conjunction with coal to im- 
prove the rheological properties of tar but the GR-S type must  be added in latex 
form. 

mixtures, appeared f rom laboratory tests to act as a stabilizing agent so that any 
pitch-to-asphalt ratio might be used without causing incompatibility in  the heated 
mixture. Also heat- stable pitch/oil/coal/asphalt/rubber blends were prepared by 
mixing a coal/pitch/oil blend with a rubber/asphalt blend. 
latex and Buna N latex were used in this manner. 

Concerning coal-in-tar 

2 )  The combined effect of coal and synthetic rubber on tar o r  pitch is greater 

.L- . 

4) Synthetic rubber, especially of the Buna N variety, when added to pitch-asphalt 

Both natural  rubber 

Heat stable blends of the types mentioned above were described in a South 
African patent application? filed in June 1958 by JSarius and Dickinson and assigned 
by them to  the South African Council for  Scientific and Industrial Research. 

During and after the laboratory investigations of Karius and Dickinson. 
single-seal applications of tars and asphalts, with and without the addition of coal 
and polymers, were made on highways near  Pre tor ia  so that they might be  compared 
and evaluated under actual service conditions. 
field tests have not yet been published. 

Reports on the outcome of those 

American Investigations of Coal-Modified T a r  Road Binders 

Curtiss-Wright and Kentucky Highway Department Tes ts  
The most recent attempt to develop improved binders for  bituminous concrete 

pavements by the dispersion of coal in t a r s  and oils was made in the United States. In 
the Fall of 1958 the Curtiss-Wright Corporation, whose r e sea rch  and development 
laboratories were located at Quehaxma, Pennsylvania in the hear t  of a bituminous coal 
mining region, decided to explore this possibility after conferring with members  of 
the U. S. Bureau of Mines, Bituminous Coal Research  Inc. and others. 
the successful use of coal-in-tar dispersions as pipe line enamels, which the Koppers 
Company was known to have developed following the researches of Rose and Hill, 
was thought that similar techniques could be employed for the production of improved 
road binders. 

done by the South Metropolitan G a s  Company in England but w a s  not aware of themore  
recent experiments by the South Eastern Gas Board and by the C o a l  T a r  R e  - 
search  Association in Great Britain o r  by Karius and Dickinson in South Africa, 

Because of 

it 

Curtiss-Wright w a s  aware of the early work along similar lines that w a s  



60' Articles describing those investigations had not yet been published. In fact, nothing 
was found in the l i t e ra ture  which would indicate that anyone had commercially pro- 
duced satisfactory coal-modified tar binders for highway construction purposes. 

Laboratory tes t s  which began at Quehanna in January 1959 were continued, 
without interruption, for  almost two years. During the latter half of 1959 they were 
supplementedby pilot plant and full scale highway service tes t s  in Kentucky in which 
the Curtiss - Wright Corporation and the Kentucky State Highway Department collabo- 
rated. The laboratory work at Quehanna and also the design, construction and 
operation of the Kentucky pilot plant was,  for  the most part, directed by LMr. S.H. 
A. Young, Chief Development Engineer of the Curtiss-Wright Research and Develop- 
ment Department; the Pro jec t  Leader at Quehanna during most  of the two year period 
was John Horai; Frank Soriero was manager, for Curtiss-Wright, of the pilot plant 
and field operations in Kentucky and E. 0. Rhodes assisted Curtiss-Wright in a con- 
sulting capacity both at Quehanna and in Kentucky. The Kentucky mixing and paving 
operations were supervised by the Highway Research Laboratory, Kentucky Depart- 
ment of Highways, of which Dean D. N. Te r re l l  was the Director and Mr. W. B. Drake 
the Associate Director. An independent study and evaluation of the various binders 
produced and used in the Kentucky experiments was made in Washington, D. C. by 
The U.S. Bureau of Public Roads. The resu l t s  of the Quehanna, Kentucky and Wash- 
ington investigations were reported at the 41st annual meeting of the Highway 
Research Board, Washington, D. C. in January 1962 in preprints of papers by 
Rhodes', Drake 9 ,  and Halstead, Oglio and Olsen . Following is a condensed 
summary of the information furnished by Rhodes concerning the Que- and 
Kentucky experiments. 

Prel iminary Quehanna Investigations 
During the first six months of I959 many laboratory tests were performed 

by Curtiss-Wright at Quehanna, Pennsylvania in which coal dispersions were made 
with different coals, tars and oils under varying conditions of time, temperature 
and pressure.  F r o m  a l a rge  number of formulations tried, two were selected for 
comparison w i t h  a typical 70-85 penetration asphalt cement and with a representa- 
tive sample of tar cement meeting ASTM specifications for  RT-12 grade road tar. 
The latter was made by straight distillation of high temperature, coke oven coal tar. 
One of the coal dispersions, (CW-II), contained 10.870 bituminous coal f rom the 
Freeport  seam near  Quehanna, Pa. and 89.2% of the RT-12 ta r  cement. The other 
(CW-LU) contained 11. 4y0 Freepor t  s e a m  coal, 64.470 RT-12 tar cement and 24.2% 

. high-boiling coal tar o i l  (m. m. t. 5% distillate to 315 C and 70-757'0 residue at 355 C). 
In each c a s e  the coal, dried and pulverized to pass 100% through a 100 mesh sieve. 
was mixed with the RT-12 road tar o r  RT-12 plus high-boiling coal tar oil, the mix- 
ture  was heated,with agitation, to  600F (315.5 C), maintained at that temperature 
for one hour, cooled to 400 F and withdrawn f rom the autoclave into containers. The 
autoclave was vented to the atmosphere throughout the run. Neither pressure nor 
reflux w a s  required to obtain complete dispersion of the coa l  in the tar o r  mixture 
of tar and oil. 

10 

_ _ _ _  - - 

II and C-W-III) shokld be  superlor to the 70-85 penetratioo asph-allcement 
respect to  lnsolubllrty in je t  fuels and also adhesion to aggregates xn the PI 
of water; r'urthermore, 1t appeared that they should be superior !o-th-e RT- 
tar cement but somewk 
c 

T.;Lbnratorv tes t s  indicated that each of the coal-modified tar cemeet_sLCW- 
with 
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12 grade 

rola- 
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i a t io fer ior  to the asphalt cement f r o m  the starZpoiht 6f -, 
--__jC tility at usual asphalt mixing and paving temperatures- - -  



61. Comparative tes t s  on Marshall briquets made with the various binders 
gave the following results: 

ments (CW-II and CW-LTI) were approximately 50% higher than those of theasphalt 
briquets and l00’$”0 higher than the stabilities of RT-12 briquets. 

Lmmersion in water for 96 hours at l2OF caused the Marshall stabilities of br i -  
quets made with CW-II, CW-LTI and RT-12 to increase 970, 
whereas the stabilities of the asphalt briquets decreased 1770. 

M t e r  heating for 72 hours at 1 4 0 F  the stabilities of briquets containing CW-III 
decreased only 3% and impact resistance at 32 F increased 32%. 
the asphalt briquets decreased 20% and their impact resistance at 32 F decreased 
26%. 

The jet fue l  solubility of the CW-III briquets was only 2% as compared w i t h  38% 
for the asphalt briquets. 

The asphalt briquets were  somewhat superior t o  those made with coal-modified 
tar binders with respect t o  impact resistance at 3 2 F  and evaporation loss on heating 
for 72 hours at 140F.  

M a r s h d l  stabilities at 1 4 0 F  of briquets made with the coal-modified tar ce- 

8870 and 14% respectively 

The stabilities of 

On the whole it appeared f rom the preliminary Que- experiments, that  
improved binders for bituminous concrete pavements could be  made by the modifica- 
tion of a standard grade of coal tar cement (RT 12) with bituminous coal or bituminous 
coal and high boiling coal tar oil. Public announcements to the effect were made by 
Curtiss-Wright in April 1959 and shortly thereafter they contracted with the Common- 
wealth of Kentucky to  produce 150,000 gallons of coal modified tar cement for experi- 
mental use in that state. 

Kentucky Pilot Plant 
A pilot plant to make 1500 gallon batches of coal-modified tar cement was 

designed by Curtiss-Wright and it w a s  installed and operated by them at Frankfort, 
Kentucky during the latter half of 1959. Operation of the pilot plant w a s  as follows: 
RT-12 grade road ta r ,  pulverized Kentucky coal and high-boiling coal tar oil  were 
transferred to a 1500 gallon digester f rom tank c a r s  or tank trucks; the mixture 
was heated as rapidly as possible to 600F, and 
maintained at  that temperature for one half hour; by means of an  internal water- 
coolmg coil the temperature  was reduced to 400 F and the finished binder was trans- 
fe r red  to storage o r  transports. 
operation of the pilot plant in this manner. 

During the construction of the pilot plant fifty four coal samples f rom east-  
e r n  and western Kentucky coal mines were analyzed and tested on a miniature scale 
fo r  digestibility in  RT-12 at Quehanna. 
representative of eastern and western Kentucky coals, were made into two and three 
component type binders (CW-II and CW-III). The latter were mixed in varying pro- 
portions with representative samples of Kentucky aggregates to establish the opti- 
mum binder content fo r  Kentucky Class I hot-mixes in  which they were to be used. 
By agreement with the Kentucky Highway Research Department a binder content of 
7 . 0  percent was f i r s t  used and later changed to 6 . 9  percent. 

and four batches of hot-mix binder, totalling approximately 150, 000 gallons were 
made in the pilot plant. One hundred batches (144,000 gallons) were of the three 
component type (CW-LU) with the following average composition. 
high-boiling coal tar o i l  and 8% coal; two batches (3 ,000 gallons) of thetwocomponent 

with agitation but without reflux. 

No major difficulties were encountered in the 

Three of the samples, selected as being 

During the period between August 13th and November 7th 1959 one hundred 

81% RT-12, 11% 

i 



62. type (CW-II) contained 96% RT-12 and 4% coal, and two batches (3,000 gallons) 
contained only RT-12 which was .heated t o  400 F i n  the digester before delivery to 
tes t  sites. 

Kentucky Field Tes ts  

of Kentucky. At twelve of the si tes thebinder wasused in 1-1/2 inch Kentucky, 
Class I overlays on existing black top pavements which, for the most part ,  had re -  
quired a large amount of maintenance because of base failures o r  the development 
of slippery-when-wet surfaces. At the other two tes t  s i tes  the GW-III binder was 
used i n  hot-mix that,was laid 2-3/4 inches thick over tar-primed soil roads in ac- 
cordance with Kentucky, Class J Modified Base specifications. 

London) i n  a 1-1/2 inch overlay of the Class I type. 

above.location and also i n  a 2-3/4 inch, C las s  I, modified base near Bowling 
Green for  comparison with the CW-ILI type of binder. 

The CW-III type binder was delivered to fourteentest s i tes  invarious parts 
, 

The CW-11 type binder was used at only one location (8 miles south of 

The RT-12 road t a r  w a s  used i n  a short 1-1/2 inch Class  I overlay at the 

The hot mixes were  made in eleven commercial, hot-mix plants of which s i x  
were batch and five continuous. No major difficulties were  encountered at  any of 
them i n  the u s e  of the coal-modified binders. Also, except for somewhat excessive 
fuming when paving temperatures  exceeded 260 F, paving operations by nine different 
contractors were very  satisfactory even though atmospheric temperatures  varied 
f rom about 27F  to  100 F during the construction period. 

However, service results from the vari'ous test  pavements were not entirely 
satisfactory. After the first winter, which was unusually severe, considerable s u r -  
face abrasion, (due in  part to t i r e  chains), and cracking w a s  observed particularly 
at center joints and near the edges where the new overlays-projected beyond the 
original pavement surfaces. Cracking w a s  particularly noticeable at  locations where 
the 1-1/2 inch overlays were  placed on old and unstable black top pavements that 
had required extensive maintenance in former  years.  It w a s  obvious that the over- 
lays containing the CW-ILI type binder (coal, RT-12 and high-boiling oil) were too 
hard and brittle and did not have enough flexibility, particularly at l o w  temperatures, 
for use over unstable pavements. 

At the one location (8 miles south of London) where overlays containing 
asphalt, RT-12, and each type of coal-modified t a r  binder (CW-LI and CW-III) could 
be compared under identical conditions, 
RT-12 was least satisfactory because of excessive bleeding during summer months, 
the section containing CW-ID binder [coal, RT-12 and oil) was too brittle and inflex- 
ible and the section containing the, CW-LI binder, .(4qo!oal plus  96% RT-12) compared 

it appeared that the one containing only 

most favorably with the asphalt control section. It appeared to have more flexib214ty 
-&d l e s s  b r i t t l e n e s s x w  temperatures  and a greater tendency to "self-heal" in hot 
weather, without bleeding excessively, than the CW-111 binder made with 8% coal, 
81% RT-12 and 11% oil. 

Soon after the tes t  sections were laid it w a s  apparent that the coal-modified 
binders should have been somewhat softer, i .  e., their initial ASTMpenetrations at  
25 C should have been higher, a somewhat greater proportion of each should have 
been used in the hot-mixes, and lower mixing and paving temperatures  should have 
been used to minimize hardening due to the evaporation or sublimation of some of 
the tar oils. With a view to making further improvements, the Quehanna investiga- 
tions were  directed along the following Lines during most of 1960. 



63.  By comparing the absolute viscosities, at different temperatures,  of the 
four binders used in Kentucky it was concluded that mixing and paving temperatures 
in the range of 200 - 250 should be adequate for coal-modified binders of the CW -fi 
and CW -In types. 

Ten percent dispersions of coal i n  RT-12 were made with a la rge  number of 
coal samples f rom various locations i n  North America, South America and Japan. 
Their softening points ( R  & B ) varied from 40 C to  65 C but they all appeared to 
have approximately the same temperature susceptibilities i n  the range of 25 to 32 C. 
F o r  these tests, 25 g ram portions of each coal were dispersed in 225 grams of RT- 
12 by heating the mixture, with agitation and reflux of condensible vapors, to 600 F 
for  one hour. The results were comparable to  those obtained f r o m  Quehanna auto- 
clave and Kentucky pilot plant digestions. 

Low, medium and high temperature coal tars distilled to RT-12 consistency 
were compared as dispersing media for  Freeport  seam coal. 
perature tar was unsatisfactory but dispersions made with RT-12 from two medium 
temperature t a r s  compared favorably with a dispersion of the coal in RT-12 from 
high temperature coke oven tar. 

type (coal, RT-12, and oil). Included in these tests were Hycar latex, natural rub- 
ber  latex, reclaimed rubber, Neoprene powder, Neoprene latex, Butyl rubber, Vis - 
tanex and Thiokol LP-3. Most of the mixtures sludged o r  crusted on heating at 
325F for five hours. Vistanex, Butyl rubber and Thiokol were best in this respect 
and appeared to effect some improvement i n  the temperature susceptibilities of the 
coal modified tars . 

The distilled low tem- 

Various polymers were added to a modified coal dispersion of the CW-111 

Three aromatic oils of petroleum origin were tried, in  place of high boiling 
coal t a r  oil, as  plasticizers o r  fluxes but were incompatible when the mixtureswere 
heated. 

Promising results were obtained by adding high-penetration, petroleum r e -  
siduals (180 - 200 o r  250 - 300) to a dispersion of coal in RT-12. 
ceptibilities, particularly i n  the range below 25 C appeared to be substantially 
improved. 

Temperature sus- 

11 A sand blast method of test  described by Rhodes and Gillander in 1936 
appeared to be especially suitable for  measuring the brittleness of hot mix binders 
particularly at low temperatures. 

Bureau of Public Roads Investigations 
As previously stated, the U. S. Bureau of Public Roads made independent 

studies of the asphalt, RT-12 and coal-modified tar binders used in the Kentucky 
experiments. They found that the temperature susceptibility of the CW-I11 binder 
was slightly lower than that of the RT-12 but not a s  low as the temperature suscep- 
tibility of the Kentucky 85- 100 penetration asphalt cement; t h e  absolute viscosities 
of the coal-modified t a r  binders were intermediate between those of the RT-12 and 
the asphalt cement; when subjected to thin-film oven tes t s  the losses  f rom Cw-In 
were somewhat lower and retained-penetrations were somewhat higher than those 
of RT- 12 but asphalt cement was better than either in  both respects; oven ageing 
at 140 F for 30 days caused the LMarshall stabilities of briquets made with the differ- 
ent binders to increase  as follows, RT-12 439 pounds, CW-111 2248 pounds, asph- 
alt cement 336 pounds; development of structure o r  reversible hardening took place 
to the greatest extent in  the coal modified binder (CW-III), to a l e s se r  extent in the 

P 



64. asphalt cement and, apparently not at a l l  in the RT-12 when thin films of each were 
sealed between g l a s s  plates and heated at l l O F  for 13 days; immersion of quartzite 
briquets in water at  120 F for 18 days caused those containing C W - I u  t o  lose 8% in 
strength and to swell 0 .2% whereas decrease in strength for asphalt briquets was 
44% and swell amounted to I. 4%; unconfined 
coal modified t a r  binder should provide higher stabilities than the asphalt cement at 
any temperatures encountered in service. 
taining RT-12 and CW-LZI were about double the stability-of the asphalt specimens 
and were in the range of strength of Portland cement concrete. 
Bureau of Public Roads repor t  concluded that coal-modified tar binders, such as 
those made by Curtiss-Wright, should be considered as improved tars that would be 
expected to perform better than yunodified tars in a number of applications but nor- 
mal precautions should be employed when using thern rather than attempting to substi- 
tute them for penetration grade asphalts. 

compression tests indicated that the 

At O ° F  the stabilities of specimens con- 

In general the 

Conclusion 

Although major  efforts have been made in Great Britain, South Africa and the 
United States to use coal-in-tar dispersions as highway construction materials, com- 
merc ia l  success has not yet been achieved. 
has been contributed by the investigations conducted to date but additional work is 
needed particularly along the following lines. 

Methods for determining the temperature susceptibilities and, particularly, 
the brittleness a t  low temperatures  of bituminous, hot-mix binders that have been 
used by previous investigators in this field should be compared and, if necessary, a 
new method should be developed. 
blast method might be  especially suitable and additional tests should he performed. 
Also better methods for evaluating and comparing hot-mixes containing asphalt and 
coal-modified binders should be selected or developed in order, by means of labora- 
to ry  tests, to predict most  accurately the service lives of the finished pavements. 

A large amount of important information 

A few tes t s  by Curtiss-Wright indicated that a sand- 

Formulations for road  binders of the coal-dispersion types should be further 
improved. LMost needed in this connection a r e  better and less expensive plasticizers 
fo r  use in place of high-boiling coal tar oil. Some of the materials which should be 
considered in  this connection a re  water-gas and oil-gas ta rs  and distillates there- 
from, low-temperature and mid-temperature tars and tar oils and also petroleum 
distillates, extracts and residues. High boiling oil f rom heavy water gas tar is 
known to have good possibilities in this connection and tests made by Karius and 
Dickinson and also by Curtiss-Wright indicated that soft (high-penetration) asphalts 
should be especially interesting. 

batch methods 5ave been used exclusively for the comrnercial, pilot plant and labora- 
tory dispersion of coal-as-coal in t a r s  and tar oils. However, finely pulverized coal 
dissolves so rapidly and completely that continuous digestion with inexpensive equip- 
ment should be practicable. 

Also the u s e  of coal modified binders in highway subgrades and bases as well 
as surface courses should be tried. Because of the high strengths of mixes contain- 
ing them and because of their extreme resistance to destruction by water, superior 
adhesion to aggregates and ability to penetrate soils and damp or dusty aggregates, 
coal dispersions made with coal t a r s  and tar oils should be especially suitable for 
subgrade and base stabilization whereas coal-in-tar dispersions containing materials 
such as high penetration asphalts might be more  suitable for use in surface courses. 

Continuous, ra ther  than batch digestion of coal should be tried. Heretofore 
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3uril.g -hveszigztLon of gitches, it was observed that when pi tch -ad calcined 
sezro lem coke vere r5xed together a d  heated at about l p o C ,  the paste showed 
ssri lckg differences; i t s  mezrance  v e e d  from wet a d  sticky t o  sandy a d  Clrj, as 
groportions of the tvo coqonents vere a g e d .  
binder:aggregate r z t i o  a t  which it occurred varied for  a number of citches, b sone 
cases even for gitches o f  s 9 i d - a  softeqing goints. 
t'ne t ene ra tu re  intensif ied the interaction between pi tch end aggregate a d  enharced 
differeaces io q g e c a n c e  of the heEted mi-ernes. 
:;ere folloved by quanzitative tests inwlving p r e h e a t i ~ g  s t q s  a t  terrperatures belmr 
b O 0 C  followed by a c o k b g  treatroent a t  55OoC. 
containing fmn  50 t o  7C$ of -200 nesh calcined setmleun coke in  iilcreraents o f  j t o  
1%). 
with a l i d  and tiie whole vas inbedded i n  calcined petrolem coke inside a nickel 
crucible. After heating f o r  50 rrinutes a t  200W and 30 m u t e s  at gOO°C ia a muffle 
furnace, the &;tures were coked a t  55OoC f o r  two hours. The percentage of original 
:itch conmrted in*& cote vas calculated fmn the t o t a l  carbon residue corrected for  
the original weight of aggres te ;  weight l o s s  of the w e g a t e  itself was negligible. 

The transit ion VELS sharp, and the 

I t  was also found that  increasfi-g 

These qud i t a t ive  observatiom 

Several mixtures vere prepared 

After thoro- a . i~Ag ,  the nixtxres were placed in porcelain cruci3les f i t t e d  

IIGL?Z 1, i l l u s t r a t e s  the effect  of preheati-ng on tiie mount of p i tch  coke 
formed S w i n g  the coking step. rTit'n no ?reheating, the -field of gi tch coke remains 
f a i r l y  constaqt o x r  t'ae ent i re  range of binder:aggregate ratios, a d  i s  substm- 
tid3.y the saae as the co!iing vshe of Yne pi tch de temqed separately. Xith the 
ixkxtures preheezted a t  ZOO and YO%, the resu l t s  are Zuite different.  
contents, variations in ? i tch  coke yield axe not s i d f i c m t .  
Bitch coctent decreases t o  a Toint - vhich we c a l i  the "satL-ation point" - where 
t'ne mixture pr-sunabl-y i s  no longer saturated with 2itch, the p i tch  coke yield 
increases suddenly q to a level a t  &ich it renains f a i r l y  constant even trith further 
yeduction b ? i tch  content. 
the vis ible  change jll the appearance of rLx%ures mectioned ;rexLously. 

i o r  high 
Hoqever, when the 

The  s w  increase in  pi tch coke yield coincides i n t h  

The shepe of Yne curve and location of t'ae saturztion 2 o i i t  are hI2uenced bj 
the  ;zr t ic le  size of the e m e g a t e  as shmm h FIGLFE 2. 
also found to be c r i t i ca l ,  eqec ia l l j r  i n  the  range f rom 200 t o  kOO°C where the ?itch 
i s  e:rtrec?ely nobile mcl s b v s  'hi& wet5inf; porrer towerds the aggegate. 

The heating p rogame  ~ras 

The increase in asomt of ? i tch  coke f o m d  fight be attrxbuted t o  the retention 
of iilcreasing quantit ies of mlatile gi tch fraczions as the aggregate proporXon h 
the ax: increases; horrever, thk increase ? ~ 1  pitch coke -rid& would be eqec ted  zo 
be g r 2 d d  aid not as sudden as The actuXLy observed c:wE;e. 
i x r e a s i c g  Yle aggregate ?&icle size resul ts  in a flattening of the curve ir-diceting 
that scrfece area i s  a lso  a factor. 3 s  i f  Dather  sG2orted bj our findings that  
the increased coke 'yield occurs orljr irith su-dace-acti-ie .xzterials such as Z'uller's 
e&h mind mleculzr  sieves, vheress it does 005 so v i s h  a a a t e r i d  such as @ass 
po\.der vhich e x h b i t s  30 s-xface actiTrity. 
offer  a corglete e:qlmacim. 

On the 2ther hand, 

Surface area doze  c a n o t ,  hmever, 
?le :'act that the shu?, bcrease  c2n be obr ;bed  om- 

I 



57 .  
after p i t c k a g r e g a t e  slixtures have been given e preheating treatment should also 
be taken into consideration. 
or  other g v e s  absorbed by the aggregate end t o  enter into be t te r  contact with the 
le t%er before bein& coked. %%en coking i s  carried out without preheating, any gases 
escqing  from the aggregate surface presumably interfere  with the interaction 
between the two ccnrponents. Other factors are undoubtedly inmlved and consequently 
no full  e:planation can yet be offered for  the increase in Gitch c o k  yield vhen 
binder and petroleum coke are mixed end heated under controlled conditions. 

Preheating probably permits pi tch t o  displace the air 

TIE technique described'iddove provides en d a t i o m i L  t e s t  f o r  conpzison of 
binders from! different sources or of different types; TAEZZ 1 l i s t s  sone results 
obtaiaFd znd shows that szturation point tends t o  wry with quinoline ir-soluble 
content, but cannot be related t o  softeniag poirk or colring v d w .  
can also be -plied t o  coqmrison of %gigregate cokes, and in  c e r t d n  cases t o  
estination of binder requirenents. 

The procedure 

"e mthor wishes to  e:Qress his a r e c i a t i o n  to  ULCsiz3.m iabora tor ix  LSnited 
f o r  perzlission t o  publish. 
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Pipeline Gas from Oil Shale by Direct Hydrogasification 
H. L. Feldkirchner and H. R.  Linden 

Institute of Gas Technology 
Chicago 16, IUinois 

IiTCROIXJCTION 

The gas industry b ~ s  been studying methods for  the production 
of natural gas subst i tutes  f r o m  coal a d  petroleum o i l s .  
f o r  direct  conversion o f  these fossil fuels t o  high heating value 
gases consisting largely of  nethane m e  Fn an  advanced stage of 
development ( 6 , 7 ) .  In the case of oil shale, existing technology 
w o u l d  involve a prelfninarg retorti,% step t o  produce cmde shale o i l ,  
and refining to  prepare a suitable feed for continuous destructive 
hydrogenation (hydrogasification). I$ was reasoned "ht a direct  o i l  

' 

Processes 

shale hydrogasification process might be preferable because of 
potentially higller conversion of the organic matter t o  gas, and 
el&nination of' a number of process steps. 

Feasibi l i ty  w a s  sho-m f o r  direct  hydrogasification of the 

4 
4 

In these t e s t s ,  the path of the hydrogenolysis of kerogen 
was only par t ia l ly  Fndicated a t  the long heatup times and long gas 
residence times encountered in the batch reactor. Only the slower 
f i n a l  breakdom- of higher gaseous paraffins t o  methane and ethane 
could be observed. 
action rates and precisely determine the effects  of temperature. 
Pressure effects were obscured by changes with temperature and degree 
of conversion. 

It was also not possible t o  measure overall  re- 

i 
'. i i 

The present work was conducted in a reactor system i n  

4 
rl 

which o i l  shale heatup times and exit gas holdup times Fn the heated 
portion of the reactor were of the order o f  a few seconds. After 
leaving the reactor, the reaction products were cooled rapidly t o  
minFmize f'urther reactions. 1 

1 
Three separate t e s t  se r ies  were conducted. The f h s t  

t e s t  series consisted of semiflow tests w i t h  short gas residence 
times. The purpose of  these t e s t s  was t o  measure the rate of kerogen 
conversion to  gaseous products and the rate of &era1 carbonate de- 
composition. The second test ser ies  was conducted w i t h  a bed of 
h e r t s  downstream of the oil shale c13arge , t o  simulate hot-spent 
o i l  shale in a cocurrent flow reactor and t o  provide tin;e for  
secondary vapor-phase hydrogenolysis reactions. Eere, the overall  
space velocity which gave methane md ethane as the major p rohc t s  
was determiried. The t h i r d  t e s t  ser ies  consisted of simlated continuous 
feeding tes t s  t o  measure the average Listantaneous rates  of production 
of gaseous hydrocarbons a t  controlled hydrogen-to-oil-shale feed ratios.  

/ 

' 
, 

mmAL 
Apparatus 

A schematic diagram of the semiflow reactor system I s  shown 
i n  Figure 1. The reactor contained a self-sealing, modified Bridgman 
closure a t  each end and was 2 inches in inside diameter, 4 inches i n  
outside diameter,and 60 inches in k s i d e  length. The reactor barrel, 
constructed of Uniloy N-155 super alloy, was rated fo r  operation at a 
maximum temperature o f  1700°F. at  1500 p.3.i.g. The closures were 



ra ted f o r  a maximum temperature of 14009. at  1500 p.8.i.g. Satis- 
factory closure operation was obtained with both 16-25-6 and lnconel-X 
sea l  rings. A-boundary lubricant of molybdenum disulfide, applied in 
aerosol form, was used on a l l  closure threads and on the sea l  rings to 
prevent galling. This reactor has been completely described elsewhere( ll) 
along w i t h  design de ta i l s  which describe the use of ex te rml ly  heated 
reactors at  combined klgh temperatures and high pressures. 

12-gage w a l l  thickness and 58 inches long, w a s  mounted ax ia l ly  in the 
bottom closure. The thermowell could contain up t o  f i v e  0.040-inch 
outside diameter thermocouples. Thermocouples were chromel-alumel, 
magnesium oxide insulated, and enclosed i n  a swaged Inconel sheath. 
To provide fo r  complete containment and recovery of the o i l  shale 
residue, the reactor w a s  provided w i t h  a removable s ta inless  s t e e l  in- 
ser t ,  1 4 8  inches i n  inside diameter by 1.990 inches i n  outside dia- 
meter and containing a l/2-inch outside diameter themowell sleeve. 

i’ne ceactor w a s  heated by means o f  an e l ec t r i c  resistance 
f’urnace containing four separately controlled heating zones, consisting 
of f o u r  rectangular heating elements, 7 inches wide and I2 inches Long. 
Temperatures were controlled manually during t e s t s  but were controlled 
by pyrometric ,controllers during reactor heatup. 
w a s  recorded a t  approximately 3-second intervals by means of a high- 
speed potentiometric temperature recorder during the test period. 

An Inconel-X thermowell of 3/8-inch outside diameter, with a 

Each temperature 

A feed hopper w a s  mounted d i rec t ly  above the reactor and was 
provided w i t h  a vibrator t o  a id  o i l  shale feeding. 
ur-operated ba l l  valve w a s  ins ta l led  between the hopper and the 
reactor. A second hopper contained a rotating-drum type feeder,which 
w a s  driven by a variable speed drive, fo r  conthuous o i l  shale feeding. 

Feed hydrogen flow rates were controlled manually and were 
measured by means of ‘an or i f ice  meter. The or i f ice  pressure and the 
reactor pressure were recorded continuously. The feed hydrogen w a s  
preheated to  reaction temperature within the reactor. 
passed through a water-cooled coil, a l iquids knockout pot, a high- 
pressure f i l ter  and a pressure-reducing back-pressure regulator, before 
be- sampled, metered and monitored. A sampling manifold w a s  in- 
s ta l led  upstream of the metering and monitoring system. 
specific gravity was monitored by means of a recording gravitometer. 

A full-opening, 

Exit  gases 

The exit gas 

Materials 

In a l l  tests,  the feed hydrogen contained an  accurately 
measured small  amount of helium, usual ly  1-2 mole $, as a t racer  f o r  
ex i t  gas flow rate measurement. The gases were mixed during compress- 
ion and stored i n  high-pressure cylinders a t  pressures up t o  3000 

Commercially available grades of e lectrolyt ic  hydrogen P 99.8% pure) and helium (99.99% pure) were used. 
i n  a l l  semiflow ‘tests was supplied by the Union O i l  Company. A n  
analysis of the o i l  shale i s  given i n  Table I. 

Procedure 

of the t e s t s  followed closely that employed i n  coal hydrogenolysis 
studies described recently (2,111. 
duration o r  less.  After the reactor w a s  heated t o  the desired 
operating temperature, the uni t  was pressurized and gas flow was 

. 3.i.g. 
The o i l  shale used 

The semiflow experimental technique employed i n  the majority 

Most t e s t s  were of &minute 



started. Heat inputs were then adjusted u n t i l  a l l  recorded reactor 
temperatures remained constant. When flow rates, temperatures, and 
pressures had been s tabi l ized completely, the feed gas was sampled. 
Tests were in i t i a t ed  by opening the quick-opening b a l l  valve connecting 
the hopper and the reactor. The vibrator mounted on the hopper w a s  
started only a f e w  seconds before the s t a r t  o f  the run t o  avoid 
compacthg the o i l  shale charge. 

The feed gas or i f ice  calibration was checked before each run 
with a wet test m e t e r .  Exit gases were also metered w i t h  the wet tea t  
meter during aach test, as a check on the flow rates calculated us ing  
t h e  helium tracer.  The  ex i t  gas specific gravity record w a s  used as 
.an a i d  in  selecting times f o r  exi t  gas samp-; i n  t e s t s  conducted 
to  simulate continuous operation, i t  w a s  also used t o  check the length 
of the o i l  shale feeding period, since it was not always possible t o  
obtain positive proof o f  the in i t ia t ion  of s o l i d s  feeding. G a s  
analyses were performed by mass spectrometer. 
three tes t s  conducted i n  the ser ies  t o  simulate continuous operation, 
combined values fo r  nitrogen plus carbon monoxide are reported, because 
of the inabi l i ty  t o  distinguish precisely between these two gases by 
the m a s  spectrometer. In the l a s t  three tests, carbon monoxide was 
also de€ermined by inf ra red  spectrophotometer and nitrogen w a s  obtained 
by difference. 

In the first ser ies  of tests, single charges of o i l  shale 
w e i g h F n g  from 10 t o  200 grams were fed. These charges were allowed to  
f a l l  f reely from the hopper,which resulted i n  a charging rate of about 
7 grans per second. Smal l  amounts of high-purity alumine, inerts,up 
to  4 inches in depth, were placed in the reactor before the run t o  
support the shale charge and t o  position it Fn the center of the third 
reactor heating zone. Temperatures were recorded f o r  thermocouples 
located at the center of the o f 1  shale charge a.nd a t  a polnt 6 inches 
above the charge t o  show whether the feed hydrogen w a s  being preheated 
completely before reaching the charge. 

Except for the last 

Table I.-A.NALBIS OF COLDRAEl OIL SHALE 

Sample Designation 4770 
TYPe Colorado, Mahogany Zone 
Source Union O i l  Company 
Pmt ic le  Size, 

( dry basis) 
Moisture 
Organic Carbon: 
Mineral ga.rbon 

U.S. Standard Sieve -6,+20 
Analysis, w t .  $l 

1pf 
Hydroge 2.36 

dry shale 35.9 

Organic C9E W t .  Ratio 7.4 
Fischer Assay Oil, gal./tonc 

a. ASTM method E71-58 adapted i n  accordance 
with technique o f  Grace and Gauger (35). 

b. Method A-3, U. S. Bureau of W e s .  
c. Modified mthod of Stanfield and Frost ( 1 4 ) .  
d. On oven-dry basis (dried f o r  1 hr. a t  105'- 

l l o o c .  1. 
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Since the void volume In  the bed of iner t s  was small, exit 
gas holdup times i n  the system downstream o f  the reaction zone were 
smll. A t  typical operating conditions of 1300°F., 1000 p.s.i.g., and 
100 SCF per hr. feed hydrogen flow rate, the t o t a l  ex i t  gas holdup 
time was only about 10 seconds, based on the appearance of the first 
hydrogasification products i n  the exit gas sample. Gas residence 
times in the reactor proper at these conditions were less  than 5 
seconds. During the Init ial  period of high rate of hydrogasification, 
gas samples were taken at  intervals as short as 5 seconds and there- 
a f t e r  a t  time intervals sufficiently small t o  delineate the en t i re  
course of the reaction. The last gas sample was usually taken a t  480 
seconds, at which tFme i t s  methane content was less than 0.1 mole $. 

The second series of tests was conducted w i t h  larger  amounts 
of alumina iner t s  below the o i l  shale bed t o  provide suff ic ient  
residence tFme f o r  the primary reaction products t o  undergo f’urther 
hydrogasification a f t e r  leaving the reaction zone. Sufficient alumina 
inerts,  to  s m l a t e  spent shale, were placed In the reactor pr ior  t o  
each t e s t  t o  give a t o t a l  bed volume ( o i l  shale plus inerts) of 
0.02 cu. f t .  Since gas flow rates were varied from 10 t o  200 SCF per 
hr.,the feed hydrogen space velocity varied from 500 t o  10,000 SCF 
per cu. f t .  bed-hr., and exit gas holdup times ranged from about 200 
t o  about 10 seconds, respectively. Temperatures of the center of the 
iner t s  and of the bottom of t h e o i l  shale charge were recorded. Here, sa 
Fn earlier tests, gas samples were taken at those time Intervals  re- 
quired t o  de lbea te  the ent i re  course of the reaction. 

I n  the third ser ies  o f  tests, continuous operation was 
simulated by semicontinuous feeding of o i l  shale. 
t es t s ,  o i l  shale was fed by opening the bal l  valve,connecting the 
reactor and feed hopper, eve 
t o t a l  charging times of from765 t o  840 seconds. 
ducted w i t h  a rotating drum-type feeder, o i l  shale feed rates were 
about 5.5 pounds per hour. Approximately 0.01 cu. f t .  of alumina 
iner t s  was placed i n  the reactor pr ior  t o  each of these tests t o  
mlnirnize changes i n  feed hydrogen space velocity accompanying bed 
volume changes, and t o  provide a zone simulating a bed of spent o i l  
shale wherein primary reaction roducts could be m t h e r  reacted. This 
resulted i n  a t o t a l  bed volume Toil  shale plus inerts) which Increased 
t o  a f i n a l  value averaging about 0.02 cu. f t .  Since, i n  these tests, 
the i n l e t  hydrogen-to-oil-shale r a t io  w a s  varied by varying gas 
flow rates,  the exi t  gas holdup times also varied. 
thbottom of the o i l  shale bed, of the bottom of the inerts,and of the 
center of the f inal  o i l  shale bed were recorded. 
taken during and a f t e r  the feeding period. 

.-> 

In  the first few 

15 or  20 seconds fo r  1 second and for  
In later tests, con- 

Temperatures o f  

Gas samples were 

Exploratory Teste 

Exploratory tests t o  select  the proper comblnations of oil 
shale sample weights and feed hydrogen flow ra tes  were made a t  1300°F. 
and 1000 p.s.i.g. 

conditions, it w a s  necessary that the smallest o i l  shale sample 
weights be used for  a given feed gas flow rate which s t i l l  permitted 
accurate product analysis. However, I t  w a s  also necessary to  maintain 
a sufficient sample size  so that representative samples o f  the highly 
heterogenous feed could be prepased by riff- of larger batches. 

To approach isothermal as w e l l  as d i f fe ren t ia l  reactor 
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Feed gas f l o w  rates were se t  as high as  possible to keep the 
residence time of the reaction products i n  the exit gas system small 
so as to minimize secondarg vapor phase reactions. This also ininhized 
baclanixing of reaction products i n  the exi t  gas system and o i l  shale 
par t ic le  heatup times. 
was calculated t o  be the mininnrm gas flow rate which could be used, 
assuming complete mLx3n.g i n  the exit gas system, withGut dis tor t ing the 
true relationship between reaction ra te  and time. 

A feed hy&ogen f l o w  r a t e  of 100 SCF per hour 

With 50- and 25-gram samples,the mrwdmum exi t .gas  hydrocarbon 
concentration w a s  too high a t  this hydrogen feed rate,  and temeratures 
changed too great ly  t o  allow the assumption of d i f fe ren t ia l  and 
isothermal reaction conditions. In tests with 10-gram samples, exi t  
gas  hydrocarbon concentrations and reaction zone temperature changes 
approached prac t ica l  Wting values. W i t h  such smal l  satnples, how- 
ever, quantitative recovery of l iquids  w a s  not possible. 

??unction of heat transfer.  The lack of accurate thermophysical data 
fo r  o i l  shales makes calculation of par t ic le  temperatures d i f f icu l t .  
However, heat t ransfer  calculations indicated that the -8, f 2 0  U.S.S. 
size  o i l  shale particles would be preheated t o  at  least llOO?F. i n  
falling from the hopper through the top two reactor heating zones. 

specific ra te  of conversion, expressed as pounds of carbon as gaseous 
al iphat ic  hydrocarbons formed per pound of organic Cesbon fed per hour, 
with decreases i n  sample w e i g h t .  Therefore, t o  obtain d i f fe ren t ia l  
rates of reaction, it was necessary t o  prepare a cross-plot of reaction 
rates versus sample w e i g h t  at selected l e v e l s  of organic carbon con- 
version. 
reaction rate versus sample w e i g h t )  a family o f  curves was obtained 
for the parameter, percent conversion. These curves approached 
straight Ilnes as sample w e i g h t s  approached zero so that reasonably 
good rate values f o r  zero sample weight could be obtained by l inear 
extrapolation. 
are shown i n  Figure 3,  as a function of conversion. 

The observed rates of conversionmay have been largely a 

A s  shown in Figure 2, there were large increases Fn the 

By plotting on semilogarithmic coordinates (logarithm of 

Reaction rates obtained by this cross-plotting technique 

RESULTS 

Single-Charge Tests at Short Gaseous Product Residence Times 

1200°, 1300' and 1400'F. t o  measure the effect  o f  temperature and 
conversionto gaseous aliphatic hydrocarbons on the rate of con- 
version of organic carbon (Figure 4 ) .  These results show a large 
increase in rate w i t h  increases in temperature. The effects  of 
increases in temperature and hydrogen f l o w  rate on gaseous and 
t o t a l  prochrct CiLstribution are shown in Figures 5 and 6. 
gaseous aliphatic hydrocarbon yields, and the percentage of paraffins, 
increased with increases in temperature and decreased w i t h  increases 
i n  feed hydrogen flow rate. 
opposite of gas yields. These resu l t s  indicate that the major steps 
Fr- the hydrogenolysis of kerogen are1 

1) 

A series of t e s t s  was conducted a t  temperatures of llOOo, 

The 

The variation of liquid yields was the 

Kerogen decompos3Aonwith initial formation of 
intermediates a t  least p m t i a l l y  recoverable as 
liquids a t  very short residence tlmes and/or l o w  
temperatures. 



2) Pyrolysis, hydrogenation and hgdrogenolysis reactions 
leading to gaseous aliphatic hydrocarbons of decreasing 
molecular weight and, finally, ethane and metme, along 
with some aromatic liquids. 

A comparison of the gaaeous molecular hydrogen consumption 
with the elemental gaseous hydrogen balance is given in Figure 7. 
l o w  levels of organic carbon conversion t o  gaseous aliphatic hydro- 
carbons, the amount of hydmgen donated by the oil shale is approxi- 
mately equal to the amount of feed hydrogen consumed. 
and hydrogenation reactions probably occup simultaneously. At high 
conversion levels, no accurate measurement can be made. 

At 

T1.lus, pyrolysis 

Rates of carbonate decomposition were also measured, although 
separate infrared spectrophotometer analyses were not psrformed for 
carbon monoxLde. Mass spectrometer analyses indicated, however, that 
nitrogen was negligible in comparison to carbon oxides. The strong 
increase in decomposition rate with increase in temperature is shown 
graphically in Figure 8. 
measured by Jukkola and others (4 )  Fn nltrogen or carbon dioxide at 1 
atmosphere. 
the lower concentration of carbon dioxide in these tests. 
increase in decomposition rate between 1200°F. and U O O O F .  is probably 
due to the combined decomposition of both magnesium carbonate and 
calcium carbonate above UOO'F. Jukkola and others (4)  found that 
calcite in o i l  shale begins to dissociate at 1150' to 1250'F. 
the molar ratio of calcium carbonate to magnesium carbonate is 2.3 in 
this oil shale any rate differences in a transition from a region where 
only magnesium carbonate decomposes at a measurable rate to one where 
both carbonstes decompose measurably fast would be accentuated. It 
would-be desirable to minimize mineral cesbonate decomposition in large- 
scale processbg since the decomposition reactions are endothermic and 
part of the feed hydrogen is consumed by reaction with part of the 
carbon dioxide formed. 
for magnesium and calcium carbonate breakdown, shown in Figure 9, 
indicate that it might be feasible to inhibit calcium carbonate de- 
composition, but not magnesium carbonate decomposition,by ma.intaidng 
a high carbon dioxide partial pressure. 

These rates are much higher than those 

This may be due to the more rapid oil shale heatup and 
The large 

Since 

Equilibrium carbon dioxide partial pressures 

Single-Charge Tests at b n g  Product Residence Times  

There were several shortcomings in the above tests. First, 
product residence times were short and liquid and olefinic gaseous 
hydrocarbons were major products. Second, product residence times 
in the reactor could not be practically controlled since they were 
a function of many other variables (e.g. ,temperature, pressure, flow 
rate and oil *le sample size). For process design purposes, it is 
necessarg to show the effects of variables under conditions where 
gaseous paraffhs are the primary products. 

a bed of inerts downstream from the oil shale bed to simuhte spent 
oil shale in a practical reactor system, which would allow flu?ther 
conversion of higher molecular weight hydrocarbons to gaseous 
paraffins. 
in these tests. The fraction of aseous hydrocarbon carbon appearing 

range of space velocities employed. 
less of the gaseous hydrocarbon carbon was nonparaffinic. 

Therefore, the test program was supplemented by tests using 

A s  can be seen in Figure 10, the above objective was met 

as methane plus ethane was about 8 0 $ or more over the entire 
In addition, only about 2% or 
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The r e su l t s  ahown i n  Figure 10 are consistent w i t h  the 
reaction sequence described earlier. A t  the lower feed hydrogen space 
velocities, the conversion t o  gaseous hydrocarbons was reduced by coke 
forma.tion due t o  the lack of sufficient hydrogen. 
hydrogen space velocit ies,  the conversion t o  gaseous hydrocarbons 
reached a nearly constant value. The slight decrease a t  the highest 
feed hydrogen space veloci t ies  was accompanied by an increase i n  
liquids, which indicates that product6 residence times were insufficient 
fo r  conversion of liquid intermediates to  gaseous hydrocarbons. 
apparent increase i n  the maximum rate of conversion t o  gaseous hydro- 
carbons with increases i n  feed hydrogen space velocity above 5000 
SCF/cu. ft.-hr., was primarily the r e su l t  of increased linear velocity 
of the rapidly formed intermediate reaction products. Backmixing 
effects wepe found t o  be negligtble over most of the range of flow 
rates studied (5 ) .  
Simula.ted ContFnuaus Tests 

In view of the important effect  of the hydrogen-to-oil- 
shale feed r a t i o  on product distribution, t h e  semiflow techniques 
were modified t o  permit control of  this variable. Initially, small 
batches of o i l  ahale were fed at frequent intervals  onto a fixed bed 
of inerts. 
100% of the stoichiometric requirements fo r  conversion of the organic 
matter t o  methane, which w a s  unexpected on the basis of  o i l  hgdro- 
gasification results ( 8 , l O ,  12). However, these tests showed the 
expected negligible ef fec t  of an Increase in t o t a l  pressure from 
1000 t o  2000 p.s.i.g. 

A t  the higher feed 

The 

Results still showed an apparent effect  of feed r a t i o  above 

Further tests a t  1200' t o  14009. and 1000 p.s.i.g. were 
then conducted with a continuous fee- system in which o i l  shale was 
charged at  a nearly constant r a t e  fo r  5lO seconds,corresponding t o  an 
average oil shale reaidence t i m e  of about 5 minutes. 
hydrogen flow rate increased l inear ly  with hydrogen-to-oil-shale 
r a t i o .  A s  shown in Figure 11, instantaneous organic carbon gasifica- 
t i on  a t  hydrogen-to-oil-shale feed ra t ios  ranging from about 100 t o  
2 0 
6?f Total organic carbon gasification measured during the 1000-1100 
second run period w a s  about 70%. 
the residue and the aromatic l iquid products was about 13% 
each, at the lowest gas rate. 
decreesed with an increase i n  hydrogen feed rate, as would be expected. 
A l l  y ie ld  and organic carbon distribution data are uncorrected for  
low carbon balances (92 to  96%).  

be obtained by increasing o i l  shale residence times, although the 
mardrmun would be about 85 t o  90% s h c e  a midmum yield of aromatic 
l iquids of 10 to  15% would be expected from previous experience 
i n  hydrogasification of petroleum hydrocarbons similar i n  composition 
t o  kerogen (8,10,12). 

Thus, the 

of stoichiometric rema,ined nearly constant and averaged 63 t o  

The organic carbon distribution i n  

The organic carbon in the residue 

Higher conversions t o  gaseous hydrocarbons could, of  course, 
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Fig 1. Semiflow Reactor  System for Studv of Rates of Hydrogasification i 
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of Oil Shale a t  Tempera tu res  to 1 7 0 0  F and P r e s s u r e s  to 3000 p s . i .g .  
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Fig. 2.-Effects of Sample Weight and Time on Rate of Conversion 
of Organic  Carbon in Oil Shale to  Gaseous Aliphatic Hydrocarbons 

, 

Fig.  3.-Effects  oi Oi l  Shale Sample Weight and Organic  Carbon 
Converted to Gaseous Aliphatic Hydrocarbons on Conversion Rate 
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Fig. 6:-Effects of Temperature and Feed 
Hydrogen Flow Rate on Conversion of 
Organic Carbon to Gaseous Aliphatic 

Hydrocarbons, Liquids and Solid Residue 

I 2 5  

I20 so 
t8 

I15 

z z  
X I  110 

W' 
0 3 lo' 
4 m 

100 

095 

095 
a 
VI 

$ 090 
0 

I" v) OB5 

a I 090 
4 0 10 20 30 40 50 60 70 90 90 I O 0  " ORG C CONVERTED TO GASEOUS ALIPHATIC HYOAOCARBONS. 'L 

Fig. 7 -Gaseous Hydrogen Balances a s  a Function 
of Temperature and Organlc Carbon Conversion 



82. 

TIME, SECONDS 

Fig. 8.-Effects of Temperature  and Time on 
Mineral Carbonate Decomposition 
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Fig. 10.-Effect of Feed Hydrogen Space 
Velocity on Organic Carbon Converted to 
Liquids and Ethane Plus Methane and on 

the Maximum Conversion Rate 

F ig .  9.-Effect of Temperature  on 
Equi,librium Carbon Dioxide Partial. 

P r e s s u r e s  for  Magnesium Carbonate 
and Calcium Carbonate Decomposition 
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